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Abstract 
Chapter 1 briefly discusses the stereochemical effect 
of replacing oxygen with sulphur as donor atoms, with 
particular reference to the p- diketonate complexes 
and their thio -analogues. 
Chapter 2 describes the synthetic procedures applied 
to extend the range of planar dithio -ß- diketonate complexes 
of palladium and platinum, their subsequent characterisation 
by a number of spectroscopic techniques and comparison 
with the analogous nickel complexe. 
Chapter 3 discusses the electrochemical behaviour of the 
Ni, Pd and Pt dithio -ß- diketonates. The complexes undergo 
two successive one -electron reductions, with a marked 
tendency for the monoanion to undergo a rearrangement 
reaction. Reduction potentials are strongly influenced by 
the inductive nature of ligand substituent groups, and 
comparison with related systems suggests the redox -active 
orbital of the 1,3- dithio complexes is of largely ligand 
character. Our study was extended to include a number of 
isostructural palladium ß- diketonate complexes and 
preliminary work concerning nickel monothio -ß- diketonates. 
Chapter 4 presents a detailed kinetic study of the 
rearrangement of the one -electron reduced species by 
cyclic voltammetry, showing it to be a dimerisation reaction. 
Measurements over a temperature range yield activation 
parameters which are also in line with a bimolecular reaction. 
Chapter 5 describes the synthesis and electrochemical 
characterisation of a number of cobalt(II) dithio -ß- 
diketonates. A concentration study of [Co(SacSac)2] shows 
anomalous behaviour when using mercury as a working 
electrode. Reversible reaction with dioxygen is also 
discussed briefly. 
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Relative Effects of Oxygen and Sulphur 
Donor Atoms in Transition Metal Complexes 
2 
Over the past fifteen years there has been a 
considerable resurgence of interest in the area of sulphur 
ligand chemistry. Ligand systems with sulphur donor 
atoms are chemically very versatile, forming a wide 
variety of stable compounds with transition metal ions, 
which display interesting, and often novel, properties 
and structures. In addition, the importance of metal - 
sulphur systems in biochemical contexts has prompted the 
study of various compounds as possible models for 
biological activity. 
Much work has centred around the systematic 
investigation of compounds formed by substitution of 
oxygen by sulphur, in order to establish a better under- 
standing of the effects of donor atom variation. 
Livingstone provided an early review of complexes 
containing sulphur, selenium and tellurium donor atoms() 
attempting to compare the coordinating ability of oxygen 
and sulphur donors with such fundamental parameters as 
ionization energies, electronegativities, polarizabilities, 
dipole moments and 7- bonding effects. While this 
presented a number of useful qualitative generalisations, 
later discoveries have led to new, sometimes striking, 
observations on the effect of sulphur coordination in 
particular contexts, and especially in unsaturated, 
resonance -stabilized systems. 
A systematic study, more relevant to the present 
work, was accomplished by Holm et al(2 -5) on the 
stereochemical and electronic effects of sulphur donor 
substitution in a variety of structurally related 
chelate ligands (i). 
H 
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(a) X = Y = O; ß-diketonate 
(b) X = O, Y = S; monothio-ß-diketonate 
(c) X = 0, Y = NR; ß-ketoamine 
(d) X = S, Y = NR; ß-aminothione 
By the detailed comparison of complexes, identical 
in constitution except for their donor atom sets, the 
particular stereochemical consequences were assessed. 
Thus, sulphur tends to stabilize the planar form of 
monomeric complexes, particularly of Ni(II) and Co(II). 
These trends can be ideally illustrated by the following 
examples. 
To examine the effect of donor atom variation on 
stereochemistry, consider the Ni(II) mixed donor complexes 
of (i) c and (i)d, i.e. [Ni(ß- ketoamine)2] and 
[Ni(5- aminothione)2](4'5). Both types exhibit planar tetra- 
hedral equilibria. The higher proportion of the planar 
isomer at equilibrium for the ß- aminothione complex than 
for the ß- ketoamine, directly illustrates the greater 
tendency for sulphur to stabilize the planar geometry than 
oxygen. 
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By measuring the temperature dependence of AG for 
the planar -tetrahedral conversion, a complete set of 
thermodynamic data was collected. Analysis shows that the 
differences in stereochemical populations are due to 
enthalpy rather than entropy considerations The 
greater stability of the planar stereochemistry for the 
ß- aminothiones is attributed to the larger extent of 
ligand /metal /ligand Tr- bonding superimposed on the 
approximately equal c bond strength in a particular 
geometry. 
The second important structural consequence is the 
tendency of sulphur to stabilize the monomeric complexes. 
For example, sterically unencumbered Ni(II) ß- diketonates 
are trimeric in the solid state(6) and in solution (7) 
with the nickel centre being octahedrally coordinated. 
[Pd(acac)21 and [Pt(acac)2],however, are both planar 
and monomeric($). This illustrates the competing factors 
of coordinative saturation and ligand field stabilization 
energy, LFSE. In the latter two complexes, the extreme 
ligand field splittings, 0, in 2nd and 3rd row metals 
help stabilize the planar form, whereas in [Ni(acac)2]3, 
the drive to obtain coordinative saturation over -rides 
LFSE considerations. (Typically in first row transition 
metal complexes, LFSE is only 10% of the total bond 
formation energies). However, the effect of sulphur 
substitution on the nickel complex is dramatic. 
Analogous NiO2S2 (ií)(9,10), NiOS3 Gíí)(11), NiS4 (iv)(11,12) 
5 
compounds are, without exception,planar. Similarly, 
[Co(acac)2] is tetrameric(13,14) but CoO2S2(2) and 




[Ni (Sac Sac) (Sacac) ] 
(iv) 
[Ni (SacSac) ] 
Note, the abbreviations used above for monothio- 
(Sacac ) and dithio- (SacSac ) acetylacetonate anions are 
an extension of the traditional acac abbreviation for 
the acetylacetonate anion. 
This again reflects the ability of the sulphur donor 
atoms to interact in extended co- planar 'R- bonding (since 
their ligand field splittings, A, are only moderate) thus 
overcoming the strong tendency for coordinative saturation 
of the nickel and cobalt complexes. 
6 
The resurgence of interest in transition metal - 
sulphur complexes has prompted the compilation of some 
notable review articles, principally concerning the 
1,1- dithiocarbamates(15,16) and the 1,2- dithiolenes(17). 
The only review worthy of attention dealing with the 
dithio -ß- diketonates is by Lockyer and Martin(18). 
This comprehensively deals with all the available data 
concerning the dithio -ß- diketonates and related 
compounds, and in so doing tends to illuminate the areas 
which have been relatively neglected (this is especially 
the case for the 2nd and 3rd row elements). With this in 
mind we set out to extend the range of planar dithio- 
ß- diketonate complexes available, with particular attention 
to preparing new palladium and platinum dithio-3-diketonate 
compounds (Chapter 2). 
Sulphur chelates of transition metals frequently 
display facile and reversible redox behaviour in which 
several members of a series are related by the transfer of 
one electron. For example, 1,2- dithio chelates such as 
(v) undergo successive reductions involving both the 
CN 
I S 






ligand array (principally) and ultimately the metal centre, 
as indicated: 
- 7 - 
(Ni (II) (mnt) ] °<=_->. [Ni ( I I ) (mnt) 2] 1 < > [Ni ( I I ) (mnt) 
] 
2 
[Ni (I) (mnt) 2] 
3 
Metal complexes of the 1,3- dithio chelates are also 
redox- active, with the planar bis -dithioacetylacetonates 
of the divalent metals (M = Co, Ni, Pd, Pt) exhibiting 
two consecutive, reversible one -electron reductions. 
[M(SacSac) 210 < => [M(SacSac) 2] 1 < -, [M(SacSac) 2] 2 
However, the nature of the redox- active orbital 
was in some doubt. 
We have made a detailed study of the effect of 
changing the ligand substituent groups on the characteristic 
electrode potentials, and, by comparison with a range of 
related systems, determined unambiguously that both 
electron transfers are essentially ligand based (Chapter 3). 
We have also established that the one -electron 
reduced species are prone to further reaction, and have 
identified two distinct situations, depending on the metal 
centre, (a) the self -dimerisation of [M(SacSac)2]1 
where M = Ni, Pd and Pt, (Chapter 4) and (b) the nucleo- 
philic attack of [Co(SacSac)211 on alkyl halides, to form 
Co(III) alkyl bonds (Chapter 5). 
Thus by extending the variety of available planar 
dithio -ß- diketonate complexes, and by applying extensive 
electrochemical and spectroscopic methods over the whole 
family, we have increased our understanding of the 
8 
complexes in their normal oxidation states and generated 
new redox -activated species, whose structures and 
reactions merit careful attention. 
- 9 - 
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CHAPTER 2 
The dithio -}3- diketonate complexes of 
nickel, palladium and platinum: 
synthesis and characterisation 
2.1 Introduction 
ß- diketonate complexes have been reported for all 
the non -radioactive metallic and metalloid elements in the 
periodic table(1 -3). The acetylacetonate anion (acac ) 
normally functions by coordination of both oxygen atoms to 
the metal to give a wide range of neutral complexes, 
[M(acac)n]. Divalent metal cations, with coordination 
number of four, can adopt either tetrahedral, 
e.g. [Be(acac)2] or square -planar geometry, 
e.g. [Cu (acac) 2] and [Pd (acac) 2] . 
Repeated attempts to prepare dithioacetylacetone by 
the reaction of acacH with H2S in HCl solution resulted in 
the isolation of a colourless, crystalline solid of the 
correct stoichiometry(4). However, subsequent 
characterisation showed a tetrathia- adamantane type dimer (i)(5) 
where the C -S -C links confer stability, resulting in 





H C S 
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Although the acacH -H2S reaction did not yield 
a simple dithio -R- diketone species, isolation of the 
dimer, did, however, establish that both oxygen atoms can 
be replaced by sulphur under these reaction conditions. 
By carrying out the same reaction in the presence 
of various metal ions(M(II) = Ni, Pd, Pt, Co), 
Martin and Stewart trapped the unknown dithioacetyl- 
acetone ligand in the form of its metal complexes (ii), 




This seems an appropriate time to explain the 
nomenclature applied throughout this thesis. The 
dithio- compound (ii) is abbreviated to [M(S2C3RHR')2]. 
The analogous monothio- and diketonate 
complexes can be similarly represented. However, when 
R = R' = CH3 only, the trivial term of SacSac is 
employed (an extension of the traditional acac 
abbreviation for the acetylacetonate anion). At points 
where the effect of donor atom is being considered, 
but otherwise the constitution of the complex remains 
unaltered, then only the immediate coordination sphere 
of the metal will be represented, i.e. MS4, MO2S2 and 
MO4. 
- 13 - 
The stereochemical consequences of changing the 
ligand donor atom from oxygen to sulphur leads to 
suppression of oligomerisation and a tendency to 
stabilize the planar geometry (Chapter 1). Thus, 
although [Ni(acac)2] and [Co(acac)2] are trimeric and 
tetrameric in the solid state respectively, with each metal 
atom having a coordination number of six (the acac 
ligands acting as bridging groups between two metal 
centres), the sterically unencumbered SacSac ligand 
forms planar, monomeric, bis- complexes, with an incapacity 
for axial interactions. 
Previously, variation of the dithio -ß- diketonate 
ligand has been largely restricted to the nickel 
complexes( ), thus a particular aim of our work has been 
to extend the number of M(II) bis(dithio- ß- diketonate) 
complexes available, by the synthesis of a range of 
usefully substituted palladium and platinum compounds and 
to record their physical properties, together with those 
of their nickel analogues, in a systematic manner. 
The preparation of the series of nickel complexes, 
however, has established three distinct synthetic routes. 
It should be noted that the parent (protonated) dithio- 
ligand itself is unstable in virtually all cases, and 
attempts to isolate the unco -ordinated 1,3- dithio- 
diketonate ligand,derived from the appropriate 
1,3 diketone, generally lead to dimer formation. 
- 14 - 
Method 1 
Generalisation of the original Martin and Stewart 
reaction involves the direct sulphuration of the 
appropriate R -di ketonate ligand, by H2S in ethanolic -HC1 
medium, generally using the metal chloride as a source 













The monothio- ligands are well- known, stable, species 
which react with a wide variety of metal ions to give 
the corresponding monothio -ß- diketonate complex(10,11) 
Treatment with H2S in an ethanolic -HC1 medium yields the 
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Method 3 
This involves the reduction of a 1,2- dithiolylium 
cation in the presence of a metal ion; thus treatment 
of a 1,2- dithiolylium tetrahaJo- metallate salt with 
NaBH4 affords the corresponding dithio -R- diketonate 
complex (13,14) (Equation [3]). 
R 
+2e 
No generally applicable synthetic route is 
available and,indeed, it will become apparent from 
the following discussion that,by changing the reaction 
conditions, a substantial improvement in yield and 
the minimisation of unwanted byproducts can result. 
- 16 - 
2.2 Synthesis and Characterisation 
A number of new palladium and platinum bis -(dithio- 
(3- diketonates) (ii) have been prepared, (where M = Pd or Pt; 
R,R' = tBu, CH3, Ph or CF3, not all possible combinations). 
The synthetic procedure and characterisation of the 
full range of complexes prepared closely follows that onb 
outlined here for [Pt(SacSac)2] (since crucially detailed in 
the experimental section). 
Pt(PhCN)2C12 was suspended in ethanol, containing 
an excess of acetylacetone, which was degassed then cooled. 
Maintaining a slight flow of N2 to act as a carrier gas, 
hydrogen chloride, HC1(g), followed by hydrogen sulphide, 
H2S(g), were bubbled through the solution. The reaction 
mixture was allowed to return slowly to room temperature, 
then stand under N2 for 24 hours. The purple solid was 
collected by filtration and washed with ethanol. 
Recrystallisation under N2 from 1:1 ethanol, methylene 
chloride gave the pure microcrystalline purple product. 
A variety of techniques were employed routinely for 
characterisation. The purple solid proved to be non- 
conducting in a number of organic solvents, e.g. CHC13, 
acetone, C6H6 etc. Both infrared(15) (KBr disk and nujol. 
mull) and U.V. /visible studies(16) showed spectra analogous 
to those previously reported, with no traces of residual 
Pt(PhCN)2Cl2 starting material apparent in the infrared. 
Mass spectrometry shows a parent -ion peak at m/e 457, along 
with a much stronger peak at m/e 131 due to [C5H7S2]+ 
(6). 
The spectrum is dominated by the fragmentation of this ion. 
- 17 - 
The 1H n.m.r. spectrum shows two singlet resonances 
at 67.26 and 2.12 ppm, with an integral ratio of 1:6, 
assigned to the methine ring and methyl group protons 
respectively(17). The equivalence of the methyl groups 
and the high frequency position of the ring C -H 
absorption is consistent with a 7- bonded aromatic type 
ring current within the metal - sulphur framework. Closer 
examination shows doublet signals arising from coupling 
of 195Pt (I = I) to the ligand protons (Figure 2.1). 
The coupling constants have been determined (see 
Experimental Section). 
The 13C -{1H} spectrum was also obtained, showing three 
resonances at 634.2, 135.2 and 174.2 ppm (Figure 2.2). 
By expansion we can determine Pt -C coupling constants, 
and by retaining proton coupling, the 13C spectrum can be 
assigned. 
All the physical data confirmed a successful, high 
yield synthesis of platinum (II)bis(dithioacetylacetonate). 
Analytical data were consistent with the formulation 
[Pt (SacSac) ] . 
We find that for the palladium and platinum complexes, 
M(PhCN)2Cl2 is a more convenient source of M(II) than the 
more commonly used MC12, proving to be more soluble in the 
ethanolic -HC1 reaction medium, with the added advantage 
of PhCN being a better leaving group than Cl . This 
results in yields for [M(SacSac)2] being consistently 






















































































































































































- 20 - 
Although all the substituted palladium and platinum 
complexes can be prepared by the modified Martin and 
Stewart procedure described above, i.e. directly from 
the appropriate ß- diketonate in the presence of M(II) 
ions, we note that when R = R' = tBu or Ph, the yield 
of the desired compound is very small, with large deposits of 
metal sulphide, which can only be removed by repeated 
recrystallisations. In these instances, a higher yield, 
and a cleaner synthetic route, is via the sulphuration of 
the monothio- complex. Synthesis by reduction of the 
appropriate 1,2- dithiolylium ions(which are inconvenient 
to prepare) was not explored. 
The substituted complexes were all non -conducting 
in a wide range of organic solvents. 
The characterisation of the substituted complexes 
was carried out using a variety of techniques. Specific 
details are listed in the experimental section, but 
more general aspects and points of note are discussed below. 
Infrared spectroscopy proved to be an extremely 
useful "fingerprint" technique for successful synthesis. 
The spectra of [M(SacSac)2] complexes (M = Ni, Pd, Pt 
and Co) are all very similar, indicating there is little 
variation in structure and charge distribution within the 
ligand skeleton, whatever the metal centre. This 
observation also holds for the series of substituted complexes 
studied here (Figure 2.3 illustrates the KBr disk spectra of 
[M(S2C3CF3HCH3)21, where M = Ni, Pd and Pt). Normal 
coordinate analysis of [M(SacSac)2] has allowed 
- 21 - 
Figure 2.3 Infrared spectra of [M(S2C3CF3HCH3) 2] (KBr clisks) 
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reliable assignments of all bands in the spectrum(15,18,19) 
Extrapolation has allowed the principal infrared bands to be 
identified for the full range of nickel, palladium and 
platinum complexes available to this study (Table 2.1). 
The frequencies show a remarkable consistency considering 
the variety of substituents on the chelate -ring system, 
suggesting the bond order in the ring is not greatly 
affected by electron -withdrawing or electron- donating 
substituents. (Note, the marked effect the substituent 
groups have on E° potentials; e.g. on changing R = R' = 
CH3 to CF3, a shift in E° of =1.0 Volts was observed, 
see Chapter 3). 
The infrared spectrum is also particularly instructive 
when using the monothio- complex to generate its dithio- 
analogue, as we can make use of the decline in importance 
of the band at 1630 - 1530 cm -1, characteristic of 
v (C -- ---0) as a qualitative guide to the extent of 
sulphuration. (Figure 2.4 illustrates the spectra of 
[Pd(SOC3PhHPh)2] and [Pd(S2C3PhHPh)2]). 
Similarly, the character of the U.V./visible speci-r -um s 
largely dependent on the identity of the ligand, and 
only minimal alterations are observed on changing the 
metal centre (Ni, Pd, Pt). 
The mass spectra of the substituted complexes are 
all characterised by the presence of a weak parent ion, 
'P +', with the spectra being largely dominated by the 
fragmentation of the corresponding 1,2- dithiolylium ion, 
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> [S2C3RHR']+ -HS L - 33 > etc. 
[4] 
The n.m.r. spectra of the substituted complexes show 
a splitting pattern and integral ratios as would be expected. 
Little variation is observed between nickel, palladium and 
platinum analogues. However, the 1H n.m.r. of the phenyl 
derivatives show interesting behaviour. The ring proton, 
with a typical value of S7.2 ppm,is shifted to low 
frequency, 62.1 ppm, on replacing CH3 with Ph. This can 
be elegantly explained if the phenyl substituent lies 
perpendicular to the metal -sulphur ring, so that 
the ring proton is situated over the centroid of an adjacent 
phenyl group which is capable of sustaining a diamagnetic 
ring current, with the effect that the intra- annular 
proton is shielded, resulting in a shift to low frequency. 
It should be noted that the dithio- complexes, 
particularly the phenyl derivatives, are only sparingly 
soluble, even in CH2C12, making n.m.r. measurements 
extremely difficult in some instances. 
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2.3 Experimental 
(i) Materials 
Preparationsof complexes are as detailed below. Dry 
ethanol was prepared by refluxing over magnesium turnings, 
with a few crystals of iodine added, followed by 
distillation immediately prior to use. HC1 was generated 
by dropping concentrated sulphuric acid onto concentrated 
hydrochloric acid with vigorous stirring. The HC1 gas 
was dried by bubbling through concentrated H2SO4. 
Generation of H2S was via a modified Kipps apparatus, 
by dropping a 1:1 concentrated HC1:water mixture onto 
ferrous sulphide. The H2S was then bubbled through a water 
spray trap, then dried by passing through three anhydrous 
CaC12 towers. NiC12 (commercial grade) was dried in 
vacuo at 353 Kelvin. Pd(PhCN)2Cl2 and Pt(PhCN)2C12 were 
prepared by literature methods(21). The appropriate 
ß- diketonate ligand was obtained commercially and used 
without further purification. 
Although the [Ni(S2C3RHR')2] complexes have been 
previously prepared(8,9,12), the data are presented here 
for clarity and to enable ease of comparison between the 
analogous palladium and platinum complexes. 
In addition, [Ni (SOC3RHR') 2] (10, 
1 1 ) and 
[Pd(O2C3RHR')2](1 
-3) complexes, necessary for synthetic 
purposes (see below) and /or electrochemical studies (see 
Section 3.4) were prepared by literature methods. 
Principal:; infrared bands and assignments for the 
complexes [M(S2C3RHR')2], where M = Ni, Pd and Pt, are to be 
found in Table 2.1. 
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Nickel(II) bis( dithio -2,2,6,6- tetramethyl -3,5- heptanedionate) 
[Ni(S2C3tBuHtBu)2] 
This was best prepared from the monothio -complex. 
[Ni(SOC3tBuHtBu)2] (0.4 g) was suspended in ethanol (10 ml) 
at 323 Kelvin. After flushing with nitrogen, HC1 is bubbled 
through the reaction mixture followed by H2S (30 and 
120 minutes respectively), maintaining a positive pressure 
of N2 throughout. The reaction mixture was allowed to cool, 
and stand for 24 hours under N2. The product was collected 
by filtration and washed with ethanol. The product was 
recrystallised from a 1:1 mixture of ethanol and methylene 
chloride. Yield (recrystallised material) 0.24 g (55 %) 
Analysis: Found %C 53.8, %H 7.6, Calculated for 
NiC22H38S4 %C 54.0, %H 7.8. Electronic spectrum 
(50,000 to 11,500 cm -1 in CH2C12): 17,860 cm -1 
(log E= 3.46) , 29,240 cm -1 (4.41) , 36,630 cm -1 (4.70) , 
42,735 cm -1 (4.28), 45,250 cm 
-1 
(4.32) 
Mass Spectrum: m/e 489, [Ni(S2C3tBuHtBu)2] 
+; 
m/e 215, [S2C3tBuHtBu] +. N.M.R.: in CDC13, two 
singlets at 57.45 and 1.26 ppm, assigned to methine 
ring proton and tbutyl group respectively. 
Ni(II)bis(dithioacetylacetonate) [Ni(SacSac)2] 
NiC12 (0.4 g) was dissolved in ethanol (10 ml) 
containing an excess of acetylacetone (2 ml). Upon cooling to 
273 Kelvin, the mixture was first flushed with nitrogen, 
. then HC1 followed by H2S are bubbled through (30 and 120 
minutes respectively), maintaining a positive pressure 
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of N2 throughout. Isolation at this stage yields only 
large quantities of the monothio -complex [Ni(Sacac)2]. 
However, when the temperature was elevated to 333 Kelvin, 
and the passage of H2S continued (60 minutes) the desired 
dithio- compound was obtained. The solid was collected 
by filtration, washed with ethanol, then recrystallised 
from 1:1 mixture of ethanol and methylene chloride. 
Yield 0.64 g (65 %) Analysis: Found %C 37.6, %H 4.5 
Calculated for NiC10H14S4 %C 37.4, %H 4.4. 
Electronic spectrum (50,000 to 11,500 cm -1 in CH2C12): 
17,990 cm -1 (log E = 3.34), 24,390 cm -1 (sh), 
29,760 cm -1 (4.35), 37,035 cm 
-1 
(4.68), 41,670 cm -1 (4.33) 
Mass spectrum: mfe3,21 [Ni(SacSac)2] +; m/e 131, [S2C3CH3HCH3] 
+. 
N.M.R.: 1H in CD2C12, two singlets at 67.15 and 2.35 ppm, 
assigned to the methine ring and methyl group protons 
respectively. 
Nickel(II)bis(dithio-1-benzoylacetonate) [Ni(S2C3PhHCH3)2] 
NiC12 (0.4 g) was dissolved in ethanol containing excess 
1- benzoylacetone (1 g). The solution was cooled to 203 Kelvin, 
flushed with nitrogen, then HC1 followed by H2S were bubbled 
very rapidly through the solution (15 and 30 minutes 
respectively), maintaining a positive pressure of N2 
throughout. The solution was returned slowly to room 
temperature, then allowed to stand overnight under N2, 
to yield precipitate, which was collected by filtration, 
washed with ethanol, and recrystallised from a 1:1 mixture 
of ethanol and methylene chloride. Yield 0.82 g (60 %). 
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Analysis: Found %C 53.4, %H 4.1. Calculated for 
NiC20H18S4 %C 53.9, %H 4.0. Mass spectrum: m/e 445 
[Ni(S2C3PhHCH3)2] +; m/e 193 [S2C3PhHCH3] +. Electronic 
Spectrum (50,000 to 11,500 cm 
-1 
in CH2C12): 17,240 cm 
-1 
(log E = 3.52) , 22,935 cm -1 (3.86) , 28,985 cm -1 (4.56) , 
33,785 cm -1 (4.52), 40,000 cm -1 (4.45). 
N.M.R.: 1H in CD2C12, two singlets at 42.13 and 2.46 ppm 
assigned to the methine ring and methyl group protons 
respectively, plus phenyl resonances between 57.35 - 
7.7 ppm. 
Nickel( II )bis(dithiodibenzoylmethanate) [Ni (S2C3PhHPh) 2] 
This was prepared by the same method as [Ni(S2C3tBuHtBu)2] 
described above, using [Ni(SOC3PhHPh)2] (0.4 g) as starting 
material. Yield 0.1 g (20 %). Analysis: Found %C 63.2, 
%H 4.0. Calculated for NiC30H22S4 %C 63.4, %H 3.9. 
Mass Spectrum: m/e 568, [Ni(S2C3PhHPh)2]+; m/e 225, 
[S2C3PhHPh] 
+. 
Electronic Spectrum (50,000 to 11,500 cm -1 
in CH2C12): 15,430 cm-1, (log E= 3.53), 21,550 cm-1 (3.87), 
27.780 cm-1 (4.55), 32,050 cm-1 (4.51), 37.595 cm-1 (4.58) 
N.M.R.: 1H in CD2C12, singlet at 2.05 ppm assigned to 
the methine ring proton, plus phenyl resonances between 
57.4 - 7.85 ppm. 
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Nickel(II) bis( dithiotrifluoroacetylacetonate) 
[Ni(S2C3CF3HCH3)2] 
The synthetic procedure was the same as [Ni(S2C3PhHCH3)2] 
using NiC12 (0.4 g) and 1,1,1 -trifluoroacetylacetone (1 ml) 
as ligand. Yield 0.6 g (45 %) Analysis: Found %C 28.9, 
%H 1.9. Calculated for NiC10H8F6S4 %C 28.0, %H 1.9 
Mass Spectrum: m/e 429, [Ni(S2C3CF3HCH3)2] +; m/e 185, 
[S2C3CF3HCH3] +. Electronic Spectrum (50,000 to 11,500 cm -1 
in CH2C12) : 16,890 cm-1 (log E= 3.30) , 22,255 cm 1. (sh) , 
29,760 cm -1 (4.33), 36,765 cm 
-1 
(4.74), 41,670 cm 
-1 
(4.11). 
N.M.R.: 1H in CD2C12, two singlets at 67.56 and 2.47 ppm 





This was prepared in the same manner as [Ni(S2C3PhHCH3)2], 
using NiC12 (0.4 g) and benzoyl- 1,1,1 -trifluoroacetone (1 g). 
Yield 0.68 g (40 %) Analysis: Found %C 42.5, %H 2.2. 
Calculated for NiC20H12F6S4 %C 43.4, %H 2.2. Mass Spectrum: 
m/e 553, [Ni(S2C3PhHCF3)2] +; m/e 247, [S2C3PhHCF3] 
+. 
Electronic Spectrum (50,000 to 11,500 cm -1 in CH2C12): 
15,625 cm -1 (log e = 3.34), 22,125 cm -1 (3.91), 27,625 cm 
-1 
(4.53), 32,895 cm -1 (4.35), 37,880 cm -1 (4.42). 
N.M.R.: 1H in CD2C12, singlet at 62.07 ppm assigned to the 
methine ring proton, phenyl resonances between 67.45 - 
7.9 ppm. 
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Palladium(II)bis(dithio-2,2,6,6-tetramethyl-3,5- 
heptanedionate) [Pd(S2C3tBuHtBu)2] 
This was prepared by the same procedure as the 
analogous nickel complex, using [Pd(SOC3tBuHtBu)2] 
(0.15 g) as starting material. Yield 0.02 g (10 %) 
Analysis: Found %C 43.5, %H 7.3. Calculated for 
PdC22H38S4 %C 49.2, %H 7.1. Mass Spectrum: m/e 536 
[Pd(S2C3tBuHtBu)2]+; m/e 215, [S2C3tBuHtBu]+. 
Electronic spectrum (50,000 to 11,500 cm-1 in CH2C12): 
19,380 cm-1 (log E = 3.77), 28,250 cm-1 (3:88), 32,895 cm-1 
(4.43), 39,370 cm-1 (4.79), 40,985 cm-1 (sh). 
Palladium (II)bis(dithioacetylacetonate) [Pd(SacSac)2] 
This was prepared using the same method as 
[Ni(S2C3PhHCH3)2], using Pd(PhCN)2Cl2 (0.15 g) in place 
of NiCl2 and acetylacetone (2 ml) as ligand. Yield 0.094 g 
(65 %) Analysis: Found %C 32.4, %H 3.7. Calculated for 
PdC10H14S4 %C 32.6, %H 3.8. Mass spectrum: m/e 368, 
[Pd(SacSac)2] +; m/e 131, [S2C3CH3HCH3] +. Electronic 
spectrum (50,000 to 11,500 cm 
-1 
in CH2C12): 19,800 cm 
-1 
(logE = 3.40), 22,220 cm -1 (sh), 28,250 cm -1 (3.66), 33,560 cm -1 
(4.28), 39,060 cm -1 (4.76), 46,985 cm -1 (sh). 
N.M.R.: 1H in CD2C12, two singlets at 67.22 and 2.46 ppm 
assigned to thé methine ring and the methyl group protons 
respectively. 13C -{1H} in CD2C12 yields three resonances at 
633.7, 133.0 and 185.3 ppm, which,by retaining the proton 
coupling, can be definitively assigned to -CH3, -C -H and 
-C -Me carbons respectively. 
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Palladium(II)bis(dithio-1-benzoylacetonate) 
[Pd(S2C3PhHCH3)2] 
This was prepared using the same method as the 
[Ni(S2C3PhHCH3)2] complex, again using Pd(PhCN)2C12 
(0.15 g) as a source of Pd(II) and 1- benzoylacetone (1 g) 
as ligand. Yield 0.05 g (25 %) Analysis: Found %C 48.7, 
%H 3.5 Calculated for PdC20H18S4, %C 48.8, %H 3.7. 
Mass Spectrum: m/e 492, [Pd(S2C3PhHCH3)2] 
+, 
m/e 193 [S2C3PhHCH3] +. Electronic Spectrum (50,000 to 





(4.32), 31,645 cm 
-1 





(4.59). N.M.R.: 1H in CD2C12, two singlets 
at 52.15 and 2.62 ppm, assigned to the methine ring and 
methyl group protons respectively, plus phenyl group 
resonances between 57.4 and 7.88 ppm. 
Palladium(II)bis(dithiodibenzoylmethanate) [Pd(S2C3PhHPh)2] 
This was prepared by the same procedure as 
(Ni(SOC3tBuHtBu)2] using [Pd(SOC3PhHPh)2] (0.15 g) as 
starting material. Yield 0.03 g (15 %) Analysis: 
Found %C 58.1, %H 3.5 Calculated for PdC30H22S4, 
%C 58.4, %H 3.6. Mass Spectrum: m/e 616, [Pd(S2C3PhHPh)2] ; 
m/e 255 [S2C3PhHPh] 
+. 
Electronic Spectrum (50,000 to 
11,500 cm -1 in CH2C12): 17,985 cm 
-1 
(logE = 3.63), 
27,025 cm 
-1 
(4.32), 30,300 cm 
-1 




41,670 cm (4.44). 
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Palladium(II) bis( dithiotrifluoroacetylacetonate) 
[Pd(S2C3CF3HCH3)2] 
This was synthesised by the same procedure as the 
[Ni(S2C3PhHCH3)2] complex, using Pd(PhCN)2C12 (0.15 g) and 
1,1,1 -trifluoroacetylacetone (1 ml). Yield 0.08 g (45 %) 
Analysis: Found %C 25.1, %H 1.6. Calculated for 
PdC10H8F6S4 %C 25.2, %H 1.7. Mass Spectrum: m/e 476, 
[Pd(S2C3CF3HCH3)2]± m/e 185, [S2C3CF3HCH3] 
+. 
Electronic Spectrum (50,000 to 11,500 in CH2C12): 
18,590 cm 
-1 
(log E = 3.45), 27,175 cm -1 (3.56), 33,110 cm 
-1 
(4.08), 39,530 cm -1 (4.55), 44,645 cm -1 (3.75). 
N.M.R.: 1H in CD2C12, shows two singlets at 67.55 and 2.62 ppm, 




This was again prepared by the same method as the 
[Ni(S2C3PhHCH3)2] complex, using Pd(PhCN)2C12 (0.15 g) and 
benzoyl- 1,1,1 -trifluoroacetone (1 g). Yield 0.15 g (65 %) 
Analysis: Found %C 39.4, %H 2.1 Calculated for 
PdC20H12F6S4 %C 40.0, %H 2.0. Mass Spectrum: m/e 600, 
[Pd(S2C3PhHCF3)2] +; m/e 247, [S2C3PhHCF3] 
+. 
Electronic Spectrum (50,000 to 11,500 cm -1 in CH2C12): 
17,795 cm-1 (log E = 3.54), 25,910 cm-1 (4.24), 
32,260 cm-1 (4.16), 39,680 cm-1 (4.47), 43,860 cm-1 (4.18). 
N.M.R.: 1H in CD2C12, singlet resonance at 62.13 ppm 
assigned to the methine ring proton, plus phenyl resonances 
between 67.45 and 7.9 ppm. 
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Palladium(II) bis( dithiohexafluoroacetylacetonate) 
[Pd(S2C3CF3HCF3)2] 
This was synthesised by the same method used to 
prepare [Ni(S2C3PhHCH3)2] using Pd(PhCN)2C12 (0.1 g) and 
hexafluoroacetylacetone (1 ml). Yield 0.08 g (50 %) 
Analysis: Found %C 21.0, %H 0.4. Calculated for 
PdC10H2F12S4 %C 20.5, %H 0.3. Mass Spectrum: 
m/e 584, [Pd(S2C3CF3HCF3)2]+; m/e 239, [S2C3CF3HCF3]+. 
Platinum (II)bis(dithioacetylacetonate) Pt(SacSac)2 
This was again prepared by the same method as 
[Ni(S2C3PhHCH3)2], using Pt(PhCN)2C12 (0.15 g) as a 
source of Pt(II) and acetylacetone (2 ml) as ligand. 
Yield 0.1 g (70 %) Analysis: Found %C 26.1, %H 3.3 
Calculated for PtC10H14S4 %C 26.3, %H 3.6. Mass Spectrum: 
m/e 457, [Pt(SacSac)2] +; m/e 131 [S2C3CH3HCH3] 
+. 





(log E = 3.59), 29,940 cm 
-1 
(4.08), 35,210 cm 
-1 
(4.20), 37,860 cm 
-1 
(4.32), 41,320 cm -1 (4.52). 
N.M.R.: 1H in CD2C12 shows two singlets at 67.26 and 2.12 ppm, 
assigned to the methine ring and the methyl group protons 
respectively ( Flure a2-1) complicated by 195Pt satellites 
(33% abundance; I = z). Coupling constant for the 
methyl proton interaction,4JPt- CH3;is 
8.18 Hz. The ring 
proton coupling constant,4,JPt -CH,is 
8.5 Hz. 13C -{1H} n.m.r. 
in CD2C12 exhibits three resonances at chemical shift 
values of 634.2, 135.6 and 174.1 ppm. By expansion of 
the spectrum we can determine the Pt -C couplings of 
- 36 - 
3JPt -C = 
30 Hz; 3JPt -C = 40 Hz; 2JPt -C = 
15 Hz 7 
respectively. By retaining the proton coupling the 
following assignments can be made: -CH3 (534.2 ppm), 
C -H (5135.6 ppm) and S -C -Me (5174.1 ppm). 
Platinum(II)bis(dithio-1-benzoylacetonate) [Pt(S2C3PhHCH3)2] 
This was prepared by the same procedure as the 
analogous nickel complex, using Pt(PhCN)2C12 (0.05 g) as 
source of Pt(II) and 1- benzoylacetone (1 g) as ligand. 
Yield 0.01 g (15 %) Analysis: Found %C 40.5, %H 3.0 
Calculated for PtC20H18S4, %C 41.3, %H 3.1. Mass 
Spectrum: m/e 581, [Pt(S2C3PhHCH3)2] +; m/e 193, 
[S2C3PhHCH3] 
+. 
Platinum(II) bis( dithiotrifluoroacetylacetonate) 
[Pt(S2C3CF3HCH3)2] 
This was again prepared by the same method as the 
[Ni(S2C3PhHCH3)2] complex using Pt(PhCN)2C12 (0.05 g) and 
1,1,1 -trifluoroacetylacetone (1 ml). Yield 0.015 g (25 %) 
Analysis: Found %C 21.0, %H 1.5. Calculated for 
PtC10H8F6S4 %C 21.2, %H 1.4. Mass Spectrum: m/e 565, 
[Pt(S2C3CF3HCH3)2] +; m/e 185, [S2C3CF3HCH3] 
+. 
Electronic spectrum (50,000 to 11,500 cm -1 in CH2C12): 
15,725 cm -1 (log s = 3.84) , 29,070 cm 
-1 
(4.04) , 37,315 cm -1 
(4.29), 41,670 cm -1 (4.56). N.M.R.: 1H in CD2C12, shows 
two resonances at 57.46 and 2.12 ppm, assigned to the 
methine ring and the methyl group protons respectively. 
No 195Pt satellites observed. 




This was prepared by the same method as discussed 
previously for [Ni(S2C3PhHCH3)2] using Pt(PhCN)2C12 
(0.05 g) and benzoyl- 1,1,1 -trifluoroacetone (1 g) as ligand. 
Yield 0.015 g (20 %). Analysis: Found %C 34.1, %H 1.9 
Calculated for PtC20H12F6S4 %C 34.7, %H 1.7. Mass Spectrum: 
m/e 689, [Pt(S2C3PhHCF3)2] +; m/e 247, [S2C3PhHCF3]+ 
Electronic Spectrum (50,000 to 11,500 cm -1 in CH2C12): 
14,880 cm -1 (log E = 3.54), 23,530 cm -1 (4.17), 27,250 cm -1 
(4.30), 32,260 cm -1 (4.24), 40,490 cm -1 (4.53), 43,670 cm -1 
(4.49). N.M.R.: in CD2C12 shows a singlet resonance 
at 51.62 ppm assigned to the methine ring proton, 
phenyl resonances observed between 87.2 and 7.8 ppm. 
(ii) Instrumentation 
Microanalyses were carried out by the University of 
Edinburgh Chemistry Department. Infrared spectra were 
recorded in the 4,000 to 200 cm -1 region on a Perkin- 
Elmer 457 grating spectrometer using nujol mulls on 
caesium iodide plates and potassium bromide disks. U.V./ 
visible spectra were recorded in the 50,000 to 11,500 cm -1 
region on a Pye- Unicam SP8 -400 spectrophotometer, using 
1 mm matched quartz cells. Mass spectra were measured on an 
A.E.I. MS9 spectrometer. Hydrogen -1 n.m.r. spectra were 
recorded on Varian Associates HA -100 and Bruker WP -200 
spectrometers. Carbon -13 n.m.r. spectra were recorded on 
a Bruker WH -360 spectrometer. 
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CHAPTER 3 
Electrochemical Studies of Palladium and Platinum 
bis -Dithio -acetylacetonates and their 
Structural Analogues 
3.1 Introduction 
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Over the past few years, a large range of bis- alkyl- 
substituted 1,1- dithiocarbamate (i) and 1,2- dithiolene (ii) 
transition metal complexes have been prepared and 









The metal -1,2- dithiolenes have made a significant 
contribution to the recognition of ligand -based charge 
transfer processes of co- ordination complexes(4) . The 1,1- 
dithio complexes are in turn generally believed to show 
substantially metal -based redox couples(5 -8) . McCleverty 
originally suggested that the 1,3 dithio--diketonate 
complexes (iii) might posses similar redox properties to 
the 1,2- dithiolenes(3). Schrauzer, however, drew attention 
to the important topological distinction between "even" 
(1,2- dithio) and "odd" (1,1- dithio and 1,3- dithio) 
resonance -stabilized ligands, and predicted that the chelates 
of the latter would not possessthe unusual chemical 
properties associated with the dithiolenes(9). 
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The "odd" unsaturated ligand systems tend to exist 
as monoanions due to the presence of the non -bonding, singly 
occupied Tr- molecular orbital in its neutral energy level 
scheme (see Figure 3.1). Since no low -lying Tr- molecular 
orbitals are available, the "odd" ligands do not usually 
accept additional electrons beyond the monoanion. The 
"even" ligands, however, have a lowest unoccupied 
Tr- molecular orbital which is only weakly anti -bonding; 
hence the system may exist as the neutral ligand, the 
monoanion,or the dianion. 
None the less, the planar dithioacetylacetonates 
[M(SacSac)2] (where M = Ni, Pd, Pt; R = R' = CH3) were soon 
shown to undergo two successive one -electron reductions by 
polarography in acetone(10) (Scheme 3.1). 
Scheme 3.1 
[M(SacSac) 2] 
0 > [M(SacSac) 2] 1 < [M(SacSac) 2] 2 
The nature of this redox activity has become a topic 
of some controversy. Schrauzer's conclusions, by excluding 
ligand -based processes, would require successive MII /MI and 
MI /Mo assignments for the whole series. As we have already 
stated, true metal -based reductions have been identified 
recently for the "odd " -membered 1,1- dithiocarbamate 
complexes (i)(5-8) and even for the nickel -1,2- dithiolenes 
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Notwithstanding similar formal assignments for the d8 1,3- 
dithioacetylacetonates, Bond et al described the acceptor 
orbitals as substantially delocalised over the whole 
molecule(10). Martin et al found an orderly variation in 
E° with changing substituent within the nickel series, 
suggestive of ligand participation (14) and Geiger et al 
noted a corresponding shift in the parent compound 
(R = R' = H)(15) . The substituent effect, although 
informative, requires calibration for proper assessment 
as, for example, the unquestionably metal -based reductions 
of [Ru(O2C3RHR')3] show a qualitatively similar trend(16). 
In this chapter we present comparative a.c. and d.c. 
voltammetric studies on the electro- reduction of the 
nickel, palladium and platinum complexes [M(S2C3RHR')2] 
(iii; R,R' = tBu, CH3, Ph, CF3) in non -aqueous media. 
Consistent electrode potential /inductive parameter 
correlations emerge for the successive one -electron transfer 
steps, and these trends are assessed in relation to the 
behaviour of variously substituted metal- l,2- dithiolenes 
(ii) and (non -metallated) dithiolylium ions (iv), 
[S2C3RHR1] . Similar comparisons are made with the 
1,3- monothio -complexes,[M(SOC3RHR')2]land with the planar 
[M(O2C3RHR')2] systems. The latter are found to parallel 
their dithio congeners much more closely than might be 
expected from cursory observation of their generally 
irreversible electrochemical behaviour. 




The wealth of new data collected for the [M(S2C3RHR')2] 
complexes, together with the comparisons of related systems, 
suggests that the redox- active orbital of the 1,3- dithio 
complexes is of largely, if not entirely, ligand character. 
This belief is substantiated by a recent molecular orbital 
calculation which shows that the parent 1,3- dithio- nickel 
complex [Ni(S2C3H3)2] has approximately the same percentage 
metal character in its lowest unoccupied orbital as the 
corresponding 1,2- dithio- nickel system (ii)(17). 
Results and Discussion 
3.2 Voltammetry of [M(SacSac)2] complexes (iii: R,R' = CH3) 
The original polarographic studies demonstrated that 
the complexes showed two successive one -electron reductions, 
although there was substantial evidence that the electro- 
generated monoanion [M(SacSac)2]1 was prone to 
rearrangement to form a new species, which was itself 
capable of reduction(10). A subsequent study for M = Ni 
and Pt using cyclic voltammetry firmly established this 
behaviour(15). In this laboratory we have now re- examined 
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in detail the complete triad of complexes, and shown that 
the rearrangement is a dimerisation (Chapter 4). 
Complementary a.c., d.c. and C.V. data for [Pd(SacSac)2] 
are shown in Figure 3.2. Three reduction waves are apparent 
and may be assigned as follows (Scheme 3.2). 
Scheme 3.2 
a b 
[M(SacSac)2]o< [M(SacSac) 2]1 < [M(SacSac)2]2 
" dimerisation" 
[M (SacSac) 
2 ] 2- 
c 
<===> [M(SacSac)2]2 
Our study confirms that the rate of rearrangement 
follows the order 
Ni « Pd < Pt 
The palladium complex is thus extremely useful, as the 
rate of rearrangement of the monoanion is intermediate between 
that of nickel and platinum, and leads to competi.rLq 
electrochemical behaviour. A more extensive discussion of the 
nature of the rearrangement of the monoanion together with 
a detailed examination of the kinetics of the system are 
to be found in Chapter 4. 
Oxidation of the [M(SacSac)2] complexes cleaves the 
chelate ligand to yield the resonance -stabilized dithiolylium 
ion (iv) (Scheme 3.3). 
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Figure 3.2 Complementary a.c., d.c. and 
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S,-, 
> 4e + 2 1` + --- H + m 2+ 
H3 
H3 
The chemically irreversible nature of this 4- electron 
oxidation of [Ni(SacSac)2] at a Pt electrode is shown most 
clearly by cyclic voltammetry (Figure 3.3). 
3.3 The Substituted Complexes 
Several novel, substituted complexes of palladium and 
platinum have been prepared with the bulkier groups tBu, 
Ph, or CF3 replacing one or both methyl groups on each 
ligand. The complexes all show two one -electron reductions, 
satisfying the standard criteria for rapid electron transfer. 
In each case, the monoanion rearrangement described above is 
found to be largely, or entirely, suppressed. Thus the 
palladium complexes have two fully reversible reduction waves 
only (Figure 3.4). The platinum complexes show evidence of 
rearrangement, but only as a minor pathway ( <10%). It 
appears that the tendency of the monoanion to react is 
controlled by steric factors, since the rate of rearrangement 
is effectively suppressed by groups with both electron - 
withdrawing (Ph, CF3) and electron -donating (tBu) effects 
relative to CH3. It is found that the parent complex 
[Pt(S2C3H3)2]1 rearranges even more rapidly than 
[Pt(SacSac) 2] 1 itself (15) 
Volts 
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Figure 3.3 Cyclic voltammogram of [Ni(SacSac) 2] in 
CH2C12 showing oxidation to [S2C3CH3HCH3] 
and its subsequent reduction 
+1.0 +0.5 0 -0.5 -1.0 
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Figure 3.4 Electrochemical behaviour of 
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The substituted complexes show a marked gradation in 
their characteristic electrode potentials. The range of 
data collected here (Table 3.1) for a wide variety of 
substituted ligands on three metal centres allows 
systematic analysis of the influence of substituent group. 
Superimposed in Figure 3.5 are the Eoed (1) and E °ed (2) 
for all the [M(S2C3RHR')2] complexes available to this 
study, plotted against the one -ligand sum of the Taft 
inductive parameters (G R 
+ a * ) (18) , i.e. considering the 
polar effects of the substituent group only. 
The linearity observed for both 1st and 2nd reductions 
justifies our conclusion that the substituent influence is 
inductive in nature, in accord with an earlier analysis of 
the first reduction of a range of nickel complexes, using 
the meta -Hammett parameter(14). Successive reduction 
potentials are virtually-independent of the identity of the 
metal centre, but are determined by the substituents, 
maintaining an almost constant gap of 0.45 ± 0.05 Volts 
between successive reductions. 
A more detailed examination of, for example, the 
[Pd(S2C3RHR')2] Ered (1) shows small but discernible 
deviations from the line of least - squares best fit. 
This behaviour is not random since this divergence is 
o 
reflected in the Ered(2) vs. Ea profile and are also 
reproduced for nickel and platinum. These systematic 
deviations from the classical Taft plot probably indicate 
the limitations of applying the kinetically determined 
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Table 3.1 
Electrode potentials for the complexes [M(S2C3RHR')2] 
(E° (1) and E° (2) /Volts vs Ag /AgC1) -red red 
R,R' = Ni Pd Pt 
tBu, tBu -1.07 -1.06 
-1.58 (a) 
CH3, CH3 -0.94 -0.96 -0.96 
-1.42 -1.44 -1.41 
CH3, Ph -0.75 -0.72 -0.80 
-1.16 -1.13 -1.24 
Ph, Ph -0.61 -0.60 
-1.02 -1.01 
CF3, CH3 -0.43 -0.38 -0.46 
-0.93 -0.90 -0.91 
CF3, Ph -0.25 -0.24 -0.23 
-0.73 -0.73 -0.69 
CF3, CF3 +0.17 
-0.38 
(a) 
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Figure 3.5 Reduction potential vs Taft 










2 = C H3/ CH3 
5 = CH /CF 
4 
3 = CI-{3/Ph 
G= CF3 /Ph 
0'* 
- 54 - 
"linear free energy" parameter in such a remote context. 
This can be well illustrated by considering the correlation 
coefficients for the Eoed(1) vs. Ea plot for [M(S2C3RHR')2] 
where M = Pd and Pt. Considering all data points collected 
for the palladium series, a correlation coefficient of 
0.994 is found, whereas for the more limited range of 
platinum complexes, a correlation coefficient of 0.988 is 
obtained. Consideration of a matched subset of data yields 
a correlation coefficient of 0.988 for the palladium 
compounds; i.e. the deviations from linearity are dependent 
on the substituent bias in the set of data considered. 
For this reason, we find it justified and desirable to 
define a new scale of electrochemically -derived induction 
parameters, designated 0e. This scale has been established 
using the first reduction potentials for the [Pd(S2C3RHR)2] 
family, which provides the widest range of symmetrically 
substituted derivatives. The new values are obtained by 
horizontally "smoothing" the measured values onto a line 
parallel to the Eoed(1) vs. E6 line of least squares best 
fit previously determined and located so that the inductive 
parameter for R = Me remains arbitrarily defined as zero, 
so as to maintain a correlation of unaltered physical 
significance. The appropriate, 2aeR, for each [Pd(S2C3RHR')2] 
complex is then simply read off at the experimentally measured 
potential. The modified and classical Taft parameters are 
listed in Table 3.2. 
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tBu -0.30 -0.25 
CH 0 0 
Ph +0.6 +0.90 
CF3 +2.70 +2.80 
(a) see text 
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The validity of this new scale is confirmed by the 
fact that the originally excluded asymmetrically substituted 
complexes also fit well onto the modified scale, and by the 
observation that analogous plots of (a 
R 
+ 6eRl) vs. 
Erect 
(2) 
for palladium and both E0 
°ed 
(1) and E 
°ed 
(2) for nickel 
and platinum show significantly improved correlation 
coefficients. Consequently, slight, but significant trends in 
gradient become apparent. The least squares analyses for all 
six redox couples, based on the modified c e parameters are 
listed in Table 3.3. 
For comparative purposes, the gradient, or substituent 
sensitivity, can be conveniently expressed in mV per ße unit 
as we observe an electrode potential shift of approximately 
100 mV per unit numerical change in an individual substituent 
a e value. Thus we can define the useful relationship 
SE ° (in mV) = 200 E Qe 
where SE° is the shift in E °ed(1) between [Pd(SacSac)2] and 
any other [Pd(S2C3RHR')2] complex. Approximately the same 
relationship extends to the nickel and platinum systems as 
well. Several significant points now emerge from the data 
which should be stressed. Firstly, for a given metal ion, 
o 
the gradients for E°ed(1) and Ered (2) are close to parallel, 
illustrating that the redox- active orbital is of similar 
character for both first and second electron transfers. This 
would be inconsistent with metal -based followed by ligand- 
based stepwise reductions, for example. Secondly, the 
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Table 3.3 
Linear E° /Inductive Parameter Correlations in [M(X2C3RHR')2] 
E° = k IQeR + QeR' ) 
(least squares fitted gradients, 1000 k /V, with correlation 
coefficients in parentheses) 
MX4 = NiS4 PdS4 PtS4 PdO4 NiS2O2 
E°ed (1) : k = 190 (1.00) 198 (1.00) 206 (1.00) 208 (0.96) 166 (0.99) 
Eed ( 2 ) : k = 172 (.8.98) 176 (0.99) 186 (0.99) 
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magnitude of the substituent influence on the electrode 
potentials is consistent with substantial ligand participation 
in charge acceptance, and is relatively immune to change in 
the central metal ion. 
Comparison with the metal -1,2- dithiolenes, with their 
ligand -based redox activity,is inevitable. The series of 
nickel complexes, [Ni(S2C2RR')z], where R,R' = CH3, Ph 
or CF3 (3'4), gives an Ered (1) gradient, on the ae scale, 
which is negligibly different from the corresponding range 
of [Ni(S2C3RHR')2] complexes, (i.e. 186 mV versus 190 mV 
per ce unit). 
Furthermore, comparisons can be made with the one - 
electron reduction potentials of the related metal -free 
dithiolylium ions (iv) reiated 1-o the corresponding 
1,2- dithiolyl radicals. An early analysis was limited to 
R = tBu, CH3,or Ph (19) . In this study we have extended 
this series to include R = CF3 (Table 3.4). As we have 
previously stated, the oxidation of [M(SacSac)2] results 
in the breakdown of the complex to yield the 1,2- dithio- 
lylium ion. This behaviour is also true for the substituted 
complexes, each giving rise to the analogous substituted 
1,2- dithiolylium ion, which is then detected by its 
reduction (Figure 3.6). The presence of the strongly electron - 
withdrawing CF3 group will tend to destabilize the 
[S2C3RHR'] ion by exaggerating the positive charge on the 
hetero- nuclear ring. Indeed, such species have not been 
isolated, but are likely to be highly unstable and difficult 
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Table 3.4 Electrode potentials for the electrochemically 
R, R' = 
derived 1,2- dithiolylium ions 
-4 2[S2C3RHR']+ + 
(Eo/V vs. Ag/AgC1)(a) 
[S2C3RHR' l 
+/0 
[M(S2C3RHR' ) 2l M2-1 
tBu, tBu -0.46 +1.12 
CH3, CH3 -0.35 +1.18 
CH3, Ph -0.09 +1.23 
Ph, Ph 0.00 +1.37 
CF3, CH3 +0.19 +1.51 
CF3, Ph +0.30 +1.69 
(a) Calculated as the potential at 85% of the forward 
peak current. 
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Figure 3.6 Electrochemical production of [S2C3CF3HCH3] 
by the irreversible oxidation of 
[Ni(S2C3CF3HCH3)2] and its subsequent 
reduction 
i I I 
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to prepare via chemical methods. However, by the electrochemical 
oxidation of the [M(S2C3RHR')2] complex, we can produce the 
dithiolylium ion and determine its electrode response, in 
situ. We have taken advantage of this as shown in Table 3.4. 
Note, that the bulk electrochemical preparation of the 1,2- 
dithiolylium ion was not attempted, consequently only very 
small quantities of [S2C3RHR']+ and the neutral radical 
[S2C3RHR']' are produced. The detailed electrochemical 
analysis of the [S2C3RHR']. radical is not therefore possible 
as it will rapidly diffuse into the bulk solution. 
We have now demonstrated that the reduction of the 
1,2- dithiolylium ion shows the same degree of sensitivity 
to substituent group as the metal -1,3- dithio series, for 
example, comparing [S2C3RHR']+ with [Pd(S2C3RHR')2] gives 
gradients of 180 mV and 198 mV per ce unit respectively. The 
close parallel between the substituent sensitivity can be 
well represented graphically (Figure 3.7). The slight 
differences observed in sensitivity is no greater than that 
between the isostructural nickel, palladium and platinum 
systems (Table 3.3). It should also be noted that the 
correlation coefficients (in the order 0.99) for these 
structurally distinct species vindicate the use of the 
modified parameters in a wider context. 
We believe that the present data clearly establish the 
dominant ligand character in the redox- active orbital, since 
we encounter close to the maximum expected substituent 
influence and almost negligible metal ion participation. 
E° 
-1-0- 
- 0.5 - 
+05- 
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Figure 3.7 Substituent sensitivity for 
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Vlcek reported that,fcr a licand -mediated redox-cm,.ïc , 
chancinci the substituent on the metal comwlex should reFui 
I 
the same shift in Eo potential as the free licand` 
) 
. 
Clearly in our case, comparison with the unco- ordinated 
ligand is impossible, due to its tendency to dimerise, w1,:, 
is why comparison with the 1,2- dithio- complexes and, more 
importantly, the dithiolylium ion is so essential. 
The behaviour of the 1,3- dithio system raises questions 
regarding Schrauzer's "odd- even" criterion for predicting 
redox character. It now seems apparent, that the correct 
inference from the topological distinction between the 
resonance -stabilized 1,2- dithio and 1,3- dithio chelates is 
that the acceptor orbital in the latter lies to higher energy 
(by approximately 0.8 eV), leading to more cathodic, reversible 
reduction potentials, rather than the absence of ligand -based 
electron transfer activity. 
This ligand- mediated redox character is bourne out by 
molecular orbital calculations. Although original work attributed 
largely metal character to the lowest unoccupied orbital(21), 
a recent and more elaborate analysis suggests that the 
redox- active orbital has virtually no metal.. character(17). 
3.4 Comparison with the oxo system 
The monomeric nickel -1,3- dithio systems (NiS4) differ 
strikingly from the corresponding a- diketonates (NiO4) which 
generally adopt oligomeric, octahedral structures. The 
palladium and platinum bis -1,3- diketonates, however, provide 
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a true isostructural sequence of resonance -stabilized chL1.:t 






A study of [Ni (X2C3tBuHtBu) 2] (X = S, O) , where the 
steric bulk of the tbutyl group yields a planar Ni04 
2 
complex, showed that on changing the donor atom from sulphur 
to oxygen we observe a shift in redox couples to more 
negative potentials, and for the Ni04 complex, the electron 
transfer is sluggish and irreversible(22) . The faster 
rate of electron transfer of the sulphur- containing ligands 
was thought to imply donor atom involvement in the charge 
transfer process. This was found to be consistent with the 
evidence that the redox process was dependent on electrode 
material, i.e. the electron transfer occurs via a bridging 
mechanism. 
To date, we are unaware of a comparative investigation 
on the planar palladium and platinum bis -1,3- diketonates. 
We have extended our study to include complementary a.c. 
and cyclic voltammetric data on a useful set of substituted 
palladium complexes, [Pd(02C3RHR')2] (R,R' = CH3, Ph or CI'3) 
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in non -aqueous media. Analysis confirms that these complexes 
generally undergo a sluggish one- electron reduction. 
Comparison of a series of complexes, together with 
considerations of their iso- structural and ideally behaved 
dithio- analogues, gives further insight. An orderly response 
to the inductive character of the substituent groups is 
again found (Table 3.5). Moreover, the gradient of the 
E 
1-red 
(1) vs. Eue plot is noticeably close to that encountered 
for the corresponding [M(S2C3RHR')2] series of reductions 
(Figure 3.8), suggesting that distribution of charge in the 
two systems is similar. As previously, the oxo systems are 
systematically found to be more difficult to reduce than their 
dithio- analogues by approximately 0.45 Volts. Thus the 
introduction of the "harder" more electronegative heteroatom, 
leads to destabilization of the anti -bonding (acceptor) 
molecular orbitals(23) 
A limited set of data collected for the reversible first 
reduction of the monothio chelates in the [Ni(SOC3RHR')2] 
series, shows that, not surprisingly, the E °ed(1) potential 
lies between those of the corresponding MS4 and MO4 
complexes (Table 3.5). Note that the E °ed(1) vs. Zoe plot 
is again closely linear, even for the asymmetrically 
substituted complexes, although there is a discernible 
departure from the gradients found for the MS4 and MO4 
systems. However, the lower symmetry of the [M(SOC3RHR')21 
series restricts any simple interpretation of thesedata. 
A detailed analysis of a wider range of complexes is required, 
together with the behaviour of E °ed(2) before any conclusions 
are possible. 
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Table 3.5 





[Ni(SOC3RHR')2] [Pd(O2C3RHR')2] (a) 
tBu, tBu - -1.21 
CH3, CH3 -1.37 -1.11 
CH3, Ph -1.27 
Ph, Ph -1.14 -0.89 
CF3, CH3 -0.80 
CF3, Ph -0.65 -0.49 
(a)E. -(1) calculated as the potential at 85% of the 
fired 
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Figure 3.8 Reduction potential /substituent effect 
correlations for [Pd(X2C3RHR')2] 
systems (X = O, S) 
o +2 +4 
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3.5 Experimental 
(i) Materials 
All complexes described were prepared as detailed in 
Chapter 2. 
For electrochemistry, CH2C12 was stored over KOH 
pellets, then distilled from P2O5 immediately prior to use. 
Other electrochemical solvents were Analar grade and 
used without further purification. The Bu4NBF4 supporting 
electrolyte was prepared from Bu4NOH and HBF4 in water, 
recrystallized from a 1:1 ratio Analar methanol:water, 
then dried at 90 °C in vacuo. 
(ii) Instrumentation 
Voltammetric studies in CH2C12 /0.25 M Bu4NBF4 employed 
a P.A.R. 170 Electrochemistry System (potentiostat and 
programmer) , interfaced with a Metrohm E505 cell stand and 
three -electrode cell configuration. A non -aqueous 
Ag /AgCl /C1 /CH2C12 reference electrode (against which 
ferrocene was oxidised at +0.62 Volts), separated by a 
further fritted salt -bridge, and a platinum counter -electrode 
were used in a 10 ml jacketted glass cell. The polarographic 
dropping mercury electrode (d.m.e.) functioned at 
electronically controlled drop times (td normally = 0.5 s). 
Other a.c. and cyclic voltammograms employed platinum wire 
or micro -disk working electrodes, whereas d.c. voltammograms 
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and diffusion current measurements were obtained with a 
Tacussel EDI rotating platinum electrode (r.p.e.) in the 
range 1,000 to 6,000 r.p.m. Routine scan rates were 100 mV /sec 
in C.V. and 10 mV /sec in other modes. 
Cell solutions, normally _ 1.0 x 10 -3 molar in complex, 
were degassed with CH2C12- saturated argon and cell temperatures 
in the range 225 to 295 Kelvin were maintained by a Haake F3Q 
circulating bath. The internal temperature of the cell was 
monitored using a Comark 5000 digital thermometer. 
Routinely, the electrochemistry was studied in CH2C12, 
due to the higher solubility of the complexes in this medium., 
however, other solvents were at times also employed (e.g. acetone, 
dimethylformamide or acetonitrile). This involved the same 
basic set -up as described above, but 0.1 M Bu4NBF4 was 
found to be sufficient in these cases. 
(iii) Voltammetric Analysis 
Each compounds electrode response has been studied in 
detail; however, to prevent repetition of data, a 
representative analysis for a typical complex is presented 
below. 
In CH2C12, at both d.m.e. and r.p.e.,[Pd(S2C3CF3HCH3)2] 
shows two cathodic waves of equal height (Figure 3.9) and 
logarithmic analysis confirms d.c. Nernstian behaviour 
appropriate to stepwise one -electron reductions; i.e. plot of 
log(id - i) /i vs. E linear with slope = 59 mV. 
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Figure 3.9 D.c. voltammogram of (Pd(S2C3CF3HCH3)2] 
using r.p.e., showing two reduction waves 
of equal height 
o 
Volts 
I I I 
-1.0 
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A.c. waves are symmetric, with half- height widths of 
90 ± 5 mV and a linear ip vs. w2 Plot (through the origin), 
in the frequency range w = 20 to 1,000 Hz with phase angle 
0 = 450 (Figure 3.10). Similarly a linear plot of 
Ed_c, vs. log[(I /I)2 - (I -I/I)21 was obtained, with a 
slope of 121 mV at 293 K. 
Cyclic voltammograms in the scan -rate range y = 50 to 
2000 mV /sec haveCEp = 60 ± 5 mV, Ip (reverse) /I (forward) 
ratios of unity and linear Ip vs. v2 dependence, through the 
origin. 
EL (d. c. V. and C.V.) and E (a. c. V.) values are 
z A 
negligibly altered by concentration or other experimental 
parameters in the range 225 to 295 K. 
The [M(SacSac)2] systems, in particular, show deviations 
from ideality attributed to the chemical reaction following 
charge transfer. 
A change of solvent to, for example, acetone or 
acetonitrile, yields only minimal changes in the electrochemical 
behaviour of the system. Changing the solvent, however, to 
dimethylformamide, d.m.f., can result in the degradation of 
the complex. This is dependent on the chelated ligand used; 
for example, R,R' = CH3, CF3 degrades quickly, over a period 
of a few minutes, whereas R,R' = CF3, Ph shows no such 
mannerism: The identity of the metal centre in this context 
is not relevant. Pre -cooling the d.m.f. mediurnto 243 K, before 
addition of the complex, sufficiently slows the decomposition 
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Figure 3.10 Frequency dependence (a.c. measurement, 
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to show the "classical" behaviour found in other solvents. 
Warming to room temperature yields irreversible degradation 
of the complex. 
An extensive study of transition metal tris -bipyridyl 
complexes has shown that highly co- ordinating solvents, such 
as d.m.f. and dimethyl sulDhoxide , d.m.s.o., can co- ordinate 
to the metal centre with the release of free 2,21- bipyridine(24) 
However, the solvolysis of the tris -"bipy" complexes can 
be suppressed by the addition of excess free "bipy" ligand 
to the solution. Similar explanation may be in order here, 
but no indications as to why only certain complexes are 
affected have been ascertained. 
It should also be noted that the use of inert electrolytes 
containing alkali metal ions should be avoided as this 
results in the loss of return wave, in the C.V. mode, even at 
223 K. An early polarogràphic investigation of a series of 
nickel complexes (Ni(S2C3RHR')2] where R,R' = CH3, Ph, 
(25) CF3 showed irregularities in comparison with later data, 
but the exclusive use of either NaC104 or LiC1 as a 
supporting electrolyte, or d.m.f. as solvent, suggests that 
these results must be treated with extreme caution. 
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Diffusion currents are directly proportional to 
concentration in the range 1 x 10 -5 to 5 x 10 -3 M, with a 
measured diffusion coefficient D(293 K) = 6.8 x 10 -6 cm2s -1 
at the r.p.e. This value is determined using the 
relationship 
ID = 0.62 nFA cD2/3 v -1/6 Z 
where the terms are defined as 
ID = diffusion . a.u-renj (mA) 
n = number of electrons transferred per mole, 
F = 96,500 coulombs 
A = electrode area (cm2) 
c = concentration of electroactive species (mol 1 -1) 
D = diffusion c.4cienf of electroactive species (cm2 s -l) 
v = cinematic viscosity (cm2 s -1) 
w = angular speed of disc (= 21rN in Rad s -1) 
N = revolutions per second 
Experimentally, the diffusion current is measured over 
a range of rotation speeds, thus a plot of ID vs. w2 gives a 
linear relationship, the gradient of which allows easy 
determination of D. At the d.m.e. a value for D = 6.16 x 10 -6 
cm2 s -1 was found. Similar D values (within 5%) for the 
nickel and platinum analogues, and for [Pd(SOC3CF3HCH3)2] 
are obtained. 
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CHAPTER 4 
The Monoanion Rearrangement:- A Kinetic Study 
4.1 Introduction 
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Reactions which are induced at an electrode surface 
should not be necessarily considered in the same manner 
as homogeneous chemical reactions. Whereas this proviso 
applies to reactions occurring during the time interval 
when the molecular species is very close to the electrode, 
there are many chemical reactions which occur as a result 
of the charge- transfer process, but are purely homo- 
geneous reactions, having no reaction Parameters specific 
to charge transfer. Indeed, rather than the charge - 
transfer process altering the course of the chemical 
reaction, the result of such "coupled" chemical reactions 
is to alter the flux of the electroactive species. Thus 
the nature of the chemical reaction and its kinetics may 
be examined by the effect on the flux of reactant for the 
charge- transfer process and the attendant change in 
electrode response. 
There are two objectives in studying the kinetics 
of electrochemical reactions coupled with chemical 
reactions, (a) full characterisation of the electro- 
chemical processes and, (b) evaluation of the kinetic 
parameters of the chemical reaction where this is of 
intrinsic interest. 
A.c. polarography and cyclic voltammetry can be 
used to obtain useful kinetic information in these areas. 
Consider a reversible redox couple, the product of which 
undergoes reversible chemical reaction (Scheme 4.1). 
Scheme 4.1 
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O + ne 0===> R 
kf 
R _ Z 
kb 
In both techniques the current response will be 
significantly altered from that attending the simple 
reversible redox scheme. In the cyclic voltammetry 
experiment, for example, the magnitude of the current 
flow detected on the reverse potential scan is less than 
that observed in the absence of the chemical reaction. 
The detailed nature of the reaction influences the extent 
to which the response will differ from the unperturbed 
charge- transfer system. For example, a first -order 
following reaction of a given rate constant will produce 
a characteristically different electrode response from 
a second -order reaction, having a similar rate. Likewisé, 
a second -order reaction involving only the product of the 
charge transfer step (i.e. a dimerisation) will exert a 
different influence from a reaction which is second -order 
in product, but involves other reactants as well. These 
differences lead to severe difficulties in the 
theoretical descriptions of these processes, but 
ultimately provide the means by which we obtain mechanistic 
information and hence analyse the kinetic processes in 
detail. 
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The manner in which the coupled chemical reaction 
manifests itself in the electrochemical reaction is also 
dependent on the nature of the charge- transfer step. 
If the charge- transfer process is irreversible, then a 
chemical reaction of the electrode product will have 
no effect on it. A quasi- reversible charge transfer will 
be influenced by a coupled chemical reaction, but 
theoretical analysis is especially complex. 
Thus four possible scenarios for chemical reactions 
coupled to the charge- transfer process have been 
discussed(1) 
(a) reversible chemical reaction following reversible 
charge transfer, 
(b) irreversible chemical reaction following 
reversible charge transfer, 
(c) chemical reaction preceding reversible charge 
transfer, 
(d) chemical reaction preceding irreversible 
charge transfer. 
Fortunately, for the present purpose, our discussion 
can be confined to chemical reactions following reversible 
charge transfer (a and b above) and to their analysis 
using cyclic voltammetry. The principal variables 
determining the experimental time scale are the potential 
scan range beyond the couple, (EX - Ez) and the scan 
rate (y). 
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(a) Reversible chemical reactions following charge 
transfer 
In such systems the equilibrium constant for 
homogeneous regeneration of R is defined as 
k 
K = b/kf (see Scheme 4.1) 
Both the position of equilibrium and the rate at 
which equilibrium is reached are important aspects of 
the overall chemical reaction, (which is assumed, for the 
moment, to be a first -order process). 
A coupled following reaction is not expected to 
alter the magnitude of the forward (cathodic) current 
significantly, however large changes in the return (anodic) 
current are found. Thus the variation of anodic current or 
the ratio of anodic to cathodic current (ia /ic) as a 
function of the time -scale of the experiment becomes a 
primary parameter in both qualitative and quantitative 
observations. 
If the rate constant for the forward chemical reaction 
is small and the equilibrium constant is large (i.e. 
equilibrium shifted toward the reactant), in the limit 
the system simplifies to the electrochemically reversible 
case. If the equilibrium constant is small, the 
system reduces to the case of an irreversible following 
reaction with the exception of a shift in potential 
response. Thus examples in which the rate of the chemical 
following reaction is significant and the equilibrium 
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constant not excessively small best typify this class, 
i.e. class (a). 
For these cases, the dependence of anodic -to- 
cathodic current ratio on scan rate serves as a useful 
parameter for quantitative measurements. The magnitude of 
the anodic current,however,is also a function of the 
switching potential, Ex (Figure 4.1). 
Using computer -simulation techniques, a working 
curve of ia/ic as a function of (a /1)2 /K (at any specified 
arbitrarily- selected switching potential), may be 
constructed(2), where the terms "a" and "1" are 
defined as 
nFv 
1, the "kinetic parameter ", 
R T 
= kf + kb 
For any particular chemical system, having its 
own characteristic K value, then it will be noted that on 
the working curve ia/ic increases towards unity as 
(a /1)2 (and hence v2) decreases, and that ia/ic decreases 
as (a /1)2 (and hence v2) increases. This behaviour allows 
differentiation of this case from all others, and makes 
the variation of ia/ic with scan rate a very useful 
diagnostic aid. Equally if we compare analogous systems 
under the same experimental conditions we find that larger 
K values are associated with ia/ic increasing towards 
unity, and smaller K values lead to decrease in ia/ic. 
Thus, qualitatively, larger K or slower experimental time - 
scale have the same effect on ia/ic, in accord with the form 
of the working curve. 
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The behaviour of the cathodic peak is more complex. 
If the rate of the chemical reaction is very slow, so 
that essentially no chemical reaction takes place during 
the experiment, then the response occurs at the 
reversible potential 
E = E - (1 . 109 ) RT/nF 
z 
Where the rate of the chemical reaction is very fast, 
so that the system will be in equilibrium at all times, 
the current response has the appearance of a reversible 
system, but undergoes an anodic potential shift by 
(RT /nF) In [ (1 + K)/K. 
1 
Where a/1 is small (i.e. kf + kb large) and (a/1) /K 
is also small, then the relationship 
E = E - (RT/nF) [0.078 + ln ( a + 1) z - ln (1 + K) ] 
has been shown to hold, corresponding to a cathodic 
potential shift of up to 60 /n mV for a ten -fold increase 
in (a/1)2/K. 
It is possible to construct a working curve 
relating potential (rather than ia/ic) to the kinetic 
parameter (2) 
(b) Irreversible first -order chemical reaction 
following charge transfer 
The situation can be represented as in Scheme 4.2 
i.e. first -order reaction of the charge- transfer product. 
Scheme 4.2 
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O + ne -> R 
k 
R 
f > Z 
This can be interpreted as merely a limiting case 
of the conditions described above. Indeed, experimental 
conditions are often adjusted so that reaction at 
equilibrium can be simplified to this less complicated 
case. This reaction is the most amenable to quantitative 
study. 
As previously,the "following reaction" produces only 
minor variation in the magnitude of the cathodic peak 
current in comparison to the reversible charge transfer 
with no following reaction. However, the magnitude of 
the anodic response, i.e. the "return wave ", is greatly 
affected by the chemical reaction unless it is very 
slow, i.e. except at very low values of rate constant 
relative to scan rate (low values of kf /a). Very large 
values of rate constant yield an anodic response which 
is essentially that of the irreversible charge transfer 
i.e. no detectable return wave, in which case little 
information concerning the fast chemical reaction can 
be gleaned. At intermediate values of kf /a,however, the 
magnitude of the anodic response provides an excellent 
basis for kinetic measurements of the following reaction. 
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In Nicholson and Shain's analysis, a large number 
of theoretical cyclic voltammograms were calculated, 
varying both kf /a and switching potential(2). The 
switching potential is a relevant variable since at a 
given scan rate it determines the time which elapses 
between the onset of electrolysis (forward passage 
through E0 and the surmounting of the anodic (reverse) 
peak on the return scan. Solution of the mathematics 
shows that this time lapse, in the irreversible case, 
does influence the flux of "R" at the electrode on 
the return scan. This is accommodated by introducing a 
quantity, t, which represents the scan -time in seconds 
from E, to E. Conveniently, for a constant value of 
the product kfT, the ia/ic ratio was found to be constant. 
Thus a working curve could be constructed as a function 
of kfT, from which the rate constant for the chemical 
reaction, kf, can be determined by inspection from the 
measured ia/ic values, since T will be a specified 
experimental parameter at every point. To make use of 
this relationship, E;, must be accurately known (so as to 
determine T) . 
For qualitative purposes, the anodic response as 
a function of scan rate is extremely useful. As the 
scan rate is increased, the ia/ic ratio increases towards 
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unity. Other mechanisms in which the anodic current is 
measured, behave differently from this (c.f. class a 
above), therefore the variation of ia/ic with scan rate 
is a valuable diagnostic probe. 
The variation of forward -peak potential with kinetic 




= EZ - (RT/nF) [0.078 - ln(kf/a) 2] 
has been found to hold, embodying a shift of 30 /n mV 
anodically for a ten -fold increase in kf /a. This 
relationship can also provide quantitative character- 
isation of kf if a sufficiently large range of scan 
rates can be employed. 
(c) Irreversible dimerisation reaction following 
charge transfer 
Few higher -order following reactions have been 
examined, however, a dimerisation of the charge transfer 
product has been studied(3'4) (Scheme 4.3). 
Scheme 4.3 
O + ne < >R 
kf 
2R > Z 
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A number of theoretical cyclic voltammograms were 
calculated,varying both kf /a and switching potential. 
In each case the ratio ia/ic was determined. In a 
manner analogous to the irreversible case b just 
considered, the ia/ic ratio can be now expressed as a 
function of kfTC (where C is the initial [or analytical] 
concentration of 0). Again the rate constant, kf, 
can be evaluated from an appropriate working curve 
(see Section 4.3 for a detailed description). The 
dependence of ia/ic on concentration, when carefully 
analysed, provides a convenient clear -cut method for 
distinguishing between first and higher -order reactions. 
The variation of El, with scan rate may allow differentiaion 
(5) 
between first and second order processes as wel.L (bait 
less emphatically). 
(d) Kinetic analysis using other techniques 
Although we have discussed in detail the kinetic 
characterisation of chemical reactions subsequent to the 
charge- transfer process using parameters derived from 
cyclic voltammetry, other techniques may also be employed, 
for example, a.c. and d.c. polarography, cyclic a.c. 
voltammetry and ring -disk methods. 
A number of elaborate theoretical studies using 
a.c. polarography as a kinetic investigation mode 
have been undertaken(6 -8). Methods of analysis 
include, (a) peak potential shifts as the frequency of the 
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a.c. current, w, or drop -time, td, is varied, (b) a.c. 
current variation as w or td is increased, and, most 
importantly for quantitative purposes, (c) properties 
of the phase angle, i.e. the phase relationship between 
the applied potential and the resulting current, 
cot g, as a function of frequency. 
Cyclic a.c. voltammetry(9,10), an extension of 
the linear sweep technique, has the advantage over 
conventional C.V. that as well as retaining the high 
diagnostic value of C.V., it also shows the additional 
phase -angle data which should permit detailed 
quantitative analysis. The study of chemical reactions 
following charge transfer is well suited to this 
investigation mode. The ratio I /I is a sensitive 
Pr Pf 
indication of the chemical stability of the charge 
transfer product. However, the a.c. ratio is much 
easier to -measure precisely than ia/ic (C.V.) and 
thus lends itself readily to analysis of homogeneous rate 
constants. 
A number of theoretical investigations for coupled 
chemical reactions using rotating disk electrodes have 
been undertaken, despite the complexities involved, for 
both preceding and following chemical reactions. In the 
former case, parameters can be determined from the 
variation of the limiting current, id, with rotation 
(11,12) rate, w, 
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In the latter, the limiting cathodic current is not 
affected by the following reaction, but a positive 
potential shift as a function of w is observed(13,14). 
The rotating ring -disk electrode (R.R.D.E.) is particularly 
suited for the study of such systems, where the potential 
of the ring and disk can be independently controlled(15 -17). 
The potential of the ring is set so that the product of 
charge transfer is reoxidised, and the deviation of the 
measured collection efficiency from the value found 
in the absence of the complicating chemical reaction, as 
a function of wallows determination of kf. Theoretical 
treatments are also available for second -order 
reactions (18 ,19 ) 
The study of chemical reactions coupled to charge 
transfer using d.c. polarography is similar in principal 
to the rotating disk electrode. For a simple, reversible 
charge transfer, the limiting current is determined by 
the rate of diffusion of the electroactive species. 
However, when there is also the complication of chemical 
reaction, the limiting current is frequently determined 
by the rate of that reaction 
(20,21). 
A simple test of 
diffusion control is to monitor the limiting current 
as a function of the height of the head of mercury above 
the column, h, as id is proportional to 1h. The 
unemphatic nature of the deviations from "Nernstian" 
behaviour in the available time domain mean that d.c. 
polarography is now the least attractive method for 
kinetic analysis. 
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Results and Discussion 
4.2 Qualitative study of the [M(SacSac)2]1 
rearrangement reaction 
As briefly mentioned in Chapter 3, the original 
d.c. polarographic study of [M(SacSac)2] (M = Ni, Pd, 
Pt) showed two successive one -electron reductions, but 
with a marked tendency for the monoanion to undergo 
rearrangement to yield a species which was itself 
redox- active(22) . A more recent study of the nickel and 
platinum complexes using cyclic voltammetry confirmed this 
behaviour, but was hampered by lack of the palladium 
complex( 23) 
We have now undertaken a study of the complete 
triad of complexes, employing complementary d.c., a.c. 
and cyclic voltammetric investigation modes. 
The results of d.c. polarography1or d.c. linear 
voltammetry, on a rotating disk electrode, are 
generally consistent with results obtained previously. 
The a.c. mode, not used hitherto, employing either 
d.m.e. or Pt working electrodes, generally confirms the 
results from the d.c. studies, which suggested a following 
reaction of the [M(SacSac)2I1 species. For the palladium 
complex three peaks are clearly in evidence (see 
Figure 3.2) whereas [Pt(SacSac)2] shows only two a.c. 
peaks, though with a distinct shoulder on the second 
reduction at less negative potentials, which is either 
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absent or not resolved in the d.c. mode. Analysis of 
the data confirms the Nernstian behaviour of the first 
electron transfer. 
Cyclic voltammetry at a stationary platinum electrode 
illustrates the nature of the following reaction most 
clearly (Figure 4.2), confirming the order of reaction 
Ni « Pd < Pt 
Thus the electrode behaviour of [Pt(SacSac)2] 
is dominated by the rearrangement pathway, giving rise to 
the relatively simple d.c. polarogram. The chemical 
instability of the monoanion is equally demonstrated on 
a stationary hanging drop mercury electrode, using a 
variety of solvents and over a range of electrolyte 
concentrations. 
The electrode processes, labelled "a, b and c" in 




[M (SacSac) ] °< > [M (SacSac) ] 1 < > [M (SacSac ) ] 
e e 
rearrangement 
i 1- c 2- 
[ x ] > [ x ] 
e 
where X = the rearrangement product of the monoanion. 
2- 
Figure 4.2 Cyclic voltammetry of 
[M (SacSac) 2] 
M=Ni 
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This description has been comprehensively 
established using ultra -fast scanning techniques of up 
to 100 Volts per second in the C.V. mode,yielding ia/ic 
ratios approaching unity for waves "a" and "b" as the 
scan rate is increased. 
As the return wave "a" develops, we observe 
concurrent collapse of wave "c" and growth of "b ". 
This behaviour can also be obtained by cooling the system 
to 225 Kelvin; i.e. lowering the temperature helps to 
stabilize the monoanion sufficiently on an electro- 
chemical time -scale for reversible C.V. characteristics 
to be observed. (Figure 4.3 shows the temperature 
dependence for [Pd(SacSac)2]). The a.c. voltammetry 
shows changes corresponding with those observed in the 
C.V. so that at 225 Kelvin [Pd(SacSac)2] exhibits only 
two peaks of equal height, both analysing for reversible 
charge transfer. 
A suggestion that the monoanion may react with 
hydrolytic protons present in solution prompted a semi - 
quantitative cyclic voltammetric investigation of 
[Pt(SacSac)2] in methyl naphthalene at 423 Kelvin. 
Under these conditions the electrolytic medium is 
expected to be strictly anhydrous, but the efficient 
characteristically irreversible process found previously 
is again observed. Indeed, even at low concentrations 
no indications of a return wave is distinguishable; 
i.e. the reaction rearrangement rate has increased with 
risen temperature. 
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Figure 4.3 C.V. of [Pd(SacSac)2] showing temperature dependence 
- 1.0 -1.4 Volts 
{ 
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These qualitative observations permit us to classify 
the rearrangement of the monoanion as of the general 
type "b" discussed earlier, i.e. reversible charge 
transfer followed by irreversible chemical reaction. 
Unfortunately, the structure of the product of the 
monoanion rearrangement is unknown. Geiger et al noted 
that ia/ic was sensitive to concentration suggesting 
higher order kinetics, but no quantitative measurements 
were attempted(23) . A dimeric structure was regarded as 
plausible, and as was pointed outldimerisations of certain 
other planar dithiolate complexes are well known(24 
-27). 
[Pd(S4C4H4)2] and its platinum analogue are dimeric 
in the crystal(27) and weaker interactions between 
monomeric metal dithiolene monanions are also well 
established(28 -30). Geiger recorded the U.V. /visible 
spectrum of the electrosynthesised product, which he 
reported was red in colour. A spectrum similar in 
character to the [M(SacSac)2] starting material was 
recorded and felt to be consistent with non -disruptive 
dimerisation. However, these results must now be treated 
with caution. 
Nevertheless, a dimerisation reaction is still 
the most probable fate of the monoanion. Our detailed 
kinetic studies establish that second -order kinetics hold 
for the triad of [M(SacSac)2] complexes over widely varied 
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conditions of scan -rate, concentration and temperature 
(Section 4.3). Analysis of the temperature- dependence of 
the data yields a small positive value for the enthalpy of 
activation, DH , suggesting a substantial degree of bond 
formation in the transition state (Section 4.4). 
Our own efforts to monitor the U.V. /visible spectrum 
during the course of the electrolysis has met with some 
success. A substantial amount of work has been undertaken 
in this laboratory towards the development of a system 
which allows the spectroscopic characterisation of electro- 
generated species in situ(31). This is possible using an 
optically transparent thin -layer electrode (O.T.T.L.E.), 
which involves the generation of the electron- transfer 
product at a mini -grid electrode in the beam of a 
spectrophotometer. 
Our preliminary studies have been devoted to the 
dimerisation of the [Pt(SacSac)2]1 monoanion. 
Unfortunately, no discrete bands are present in the final 
spectrum of the electrogenerated dimeric species 
(Figure 4.4). However, close examination of the visible 
region in our O.T.T.L.E. experiment reveals two distinct 
isosb ta stic points as the peak collapses (Figure 4.5). 
This shows that the one -to -one reaction is involved 
rather than any ill- defined decomposition or complicated 
sequence of reactions. This is further substantiated by 
the mole for mole regeneration of the [Pt(SacSac)2]o 
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Figure 4.5 O.T.T.L.E. generated spectra of [Pt(SacSac)2]1 
dimerisation in the visible region, showing 
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accompanied by recovery of its distinctive spectrum. 
The essentially featureless spectrum of the dimer does, 
however, suggest a substantial disruption of the resonance - 
stabilization present in the neutral species, perhaps 
indicative of a saturated species, much in the same manner 
as SacSacH itself rapidly dimerises to form a 
saturated adamantane -type structure (Chapter 2). 
The positive potential required to regenerate the 
neutral species from the dimer (approximately 1.5 Volts 
anodic of the [Pt(SacSac)2] °/1 couple) is also indicative 
of a major reorganisation in electron distribution during 
the rearrangement reaction. Our observations are at 
odds with Geiger's reported spectrum of the dimer(23) 
Indeed, it would be expected that the potential to 
regenerate the neutral species from the dimer which Geiger 
envisaged would not be so greatly removed from that 
required to form the [Pt(SacSac)2]1 species originally. 
The same spectroscopic behaviour is obtained when the 
experiment is repeated at 253 Kelvin. In no case was any 
evidence obtained for an intermediate spectrum which could 
be attributed to unreacted [Pt(SacSac)2]1 monoanion. 
Further progress may depend on the substituted derivatives, 
where the rate of dimerisation is slow on an electro- 
chemical time -scale. By further cooling of the system, 
we may be able to generate the spectrum of the monoanion, 
and then observe its gradual dimerisation, thus allowing 
the full characterisation of all species participating 
in dimer formation. 
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Care must be taken in these experiments to use 
freshly prepared [Pt(SacSac)2] solutions, as the complex 
gradually decomposes in the presence of dissolved oxygen, 
so that the intense purple colour characteristic of 
[Pt(SacSac)2] is replaced initially by a red colour, 
which finally yields a yellow -brown solution. The 
spectrum of the reddish material is closely similar to 
that reported by Geiger et al as being the spectrum of 
the dimer. (The dimeric product produced in the O.T.T.L.E. 
experiment is itself very pale pink in colour). If the 
oxidised material is inadvertently formed, then 
regeneration of the [Pt(SacSac)2]° spectrum is 
impossible. 
A number of attempts to prepare the dimer in bulk 
by the heterogeneous, chemical reduction of [Pt(SacSac)2]° 
(using sodium, sodium amalgam or magnesium) were 
unsuccessful, with no apparent reaction. Preparation by 
electrochemical means should prove to be more profitable. 
The positive potential required to regenerate [Pt(SacSac)2]° 
from the dimer may indicate that the dimer will be less 
prone to decomposition than previously thought. 
Thus at this stage, the best corroborating 
evidence for dimerisation as the fate of the monoanion 
is the kinetic analysis, which we will now discuss in 
detail. 
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4.3 Kinetic and activation parameter analysis 
for monoanion rearrangements 
(a) Kinetic Analysis 
The proposed dimerisation reaction of 
[M(SacSac)2]1 might occur via two possible intimate 
mechanisms; either the direct coupling of two mono- 
anions [1] or by the reaction of monoanion with 
substrate molecule initially, to form [M(SacSac)2]2 
. 
Since an overall one -electron reduction is observed, 
it is required in the second mechanism that the reduction 
potential of the monoanion dimer be less than the 
substrate itself [2]. 
k 
f 




[M(SacSac) 2]° + e < > [M(SacSac) 
2] 
1 + [M(SacSac) 2l° 
E° 
2 




where E2 < E1 
[1] 
...[2] 
Either scenario leads to an overall second -order 
rate equation. The kinetic analysis of such systems is 
ideally suited to a cyclic voltammetric investigation 
mode, where the rate constant, kf, can be determined from 
the behaviour of the ratio I0(reverse) : I(forward) (ia /ic). 
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The method applied to extract kinetic information was 
essentially that developed by Nicholson et al for a 
(3) 
dimerisation reaction. It seems appropriate to expand 
on the method of analysis at this point. 
In the model employed, the characteristics of a 
current -potential curve depended on two variables, a 
kinetic parameter (p = kf C /a) and the geometry of the 
electrode (V) . 
In an effort to correlate ia/ic to the rate 
constant, kf, theoretical calculations for a number of 
C.V.s for several values of 1P, with V equal to zero, 
i.e. planar, and three values of switching potential were 
considered. In each instance, the ratio ia/ic was 
evaluated. For each value of switching potential, the 
ratios ia/ic were plotted against the quantity 
log(aT) [= log(kfCT)] where a = and T is the time 
from E 
z 
to Ex, i.e. (E 
a 
- E1/2 )/y. (Figure 4.6 shows the 
plot for aT = 4) . 
Variation of the a T quantity produces similar plots 
except for small shifts along the log(kfCT) axis, 
proportional to aT. It was thus possible to incorporate 
effects of switching potential in a new variable, w, which 
was defined as 
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Tabulated values of ia/ic as a function of w are 
available. Therefore, provided the geometry of the electrode 
is known, it is possible to construct a working curve from 
which w can be determined graphically from experimental 
values of ia/ic. 
Thus our procedure has been to construct from these 
data a plot of w vs. T, at fixed C, which gives a slope 
of kfC exp(0.078(aT -4)]1and consequently kf can be 
calculated. Similarly, a plot of w vs. C, at fixed T 
can be employed, giving a gradient of kfT exp[0.078(aT - 4)] . 
Experimentally, the rate constant can in principle 
be established from one cyclic voltammogram, however, 
we insisted on estimating each kf value by least- squares 
analysis of ia/ic data as above. A sample calculation 
for a typical set of data collected for the [Pt(SacSac)2] 
complex is detailed below. 
By varying the concentration and keeping T constant, 
i.e. constant y and E, with a temperature of 293 Kelvin, 
the data collected in Table 4.1 were established. From 
the relationship 
logw = log(kfCT) + 0.034(aT - 4) 
a plot of w vs. C should give a linear relationship with 
slope = kfT exp[0.078(aT - 4)]. 
Experimentally, using a least -squares analysis, a 
gradient of 3,776 ( ±150) is found for the w/C plot. 
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Table 4.1 Rate constant determination of [Pt(SacSac)2]1 
dimerisation:Variation of concentration; 
keeping T constant at 1.12 seconds 
[where (EX - Ez) = 224 mV and v = 200 mV 
per second] temperature = 293 Kelvin 
1 -,3 
concentration (moldm ) ia/ic ratio w 
5.34 x 10 -5 1.00 0 
1.07 x 10 -4 0.790 0.58 
2.14 x 10 -4 0.648 1.06 
4.27 x 10 -4 0.567 2.63 
8.54 x 10 -4 0.537 3.35 
1.07 x 10-3 0.498 4.07 
?of vs G 
l rr3 gradient = 3,776 (±150) 110 c
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1.14 x 1.46 
- 2,270 ( ±90) mol ciu 3'sec 
-1 
(T = 1.12 sec; C = 6 x 10-5 - i x 10-3 M) 
Equally, by independent measurements, varying the 
scan rate but keeping C constant, the data collected in 
Table 4.2 are found. A plot of w vs. T again yields a 
linear relationship with gradient ( kfC exp[0.078(aT - 4)])= 




0.360 - 2,300(±47) mol-18m sec -1 
1.07x10 -4 x1.46 
(C = 1.07 x 10 -4 M; T = 0.5 - 5.5 sec) 
By further consideration of the latter measurements, 
we can demonstrate the high degree of consistency found for 
these systems, using this mode of analysis. Table 4.3 
shows the rate constants obtained if each voltammogram is 
employed singly to determine kf. Note no trend or bias 
with T is found. 
Repeating this method of analysis over a wide 
range of concentrations and scan rates for the triad of 
[M(SacSac)2] complexes has allowed calculation of kf over 
a variety of experimental variables. Table 4.4 shows 
some typical results obtained for [Pt(SacSac)2]. 
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1- 
Table 4.2 Rate constant determination of [Pt(SacSac)2] 
dimerisation:Variation of scan rate; 
keeping C 
o 
constant at 1.07 x 10 -4 mol d m 
- 
temperature = 293 Kelvin 












gradient = 0.360 ( ±0.0072) Sec - 
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Table 4.3 Rate constant determination using a single 
cyclic voltammogram for (Pt(SacSac)2] 
Concentration = 1.07 x 10 -4 avri 
temperature = 293 Kelvin 
T(seconds) ia/ic w kf (mol c1-' sec -1) 
4.48 0.622 1.795 2,296 
2.24 0.711 0.995 2,324 
1.12 0.790 0.580 2,272 
0.448 0.838 0.345 2,343 
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Table 4.4 Calculated rate constants for the [Pt(SacSac)2] 
complex 
by variation of concentration, keeping 'r constant 










by variation of scan rate, keeping concentration constant 
(y = 50 to 500 mV per second) 
concentration (mol' ctrrt 
3 
kf (mol-1 m3 -1 - sec 
1.07 x 10-4 2,300 
2.14 x 10-4 2,195 
4.27 x 10-4 1,975 
N.B. - temperature in all instances = 293 Kelvin 
The effective constancy of the rate constant, kf, 
under all conditions bears out the success of the analysis 
used. 
The results obtained for all three complexes are 
summarized in Table 4.5. This confirms our qualitative 
observations that the rate of dimerisation follows the 
order 
Ni « Pd < Pt 
The most sensitive method of establishing which 
intimate dimerisation mechanism operates is by the shift 
in potential with changing concentration or scan rate(32) 
(if a sufficient range is available). For mechanism [1] 
the shift in potential from the reversible system with no 
following reaction is given by 
E 
P 
= E? - 1 .038 (RT/F) + (RT/3F) ln (RT/F) k fCv-1 
whereas for mechanism [2], the potential shift is 
E = E - 0 .456 (RT /F) + (RT /2F) In (RT /F) k fCv 
Thus a plot of Ep vs. log C results in a straight 
line of slope 19.7 mV (at 298 K) for mechanism [1] and 
29.6 mV for mechanism [2]. Attempts at applying this 
criterion to the [Pt(SacSac)2] complex have met with 
partial success. As the concentration is increased, an 
anodic shift in potential is observed. A plot of 
Ep vs. log C yields a straight line of gradient 14.5 mV, 
suggesting mechanism [1] as the favoured dimerisation route. 
-1 
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Table 4.5 Rate constants for the dimerisation of 
[M(SacSac)2] 
1 
at 293 Kelvin 




N.B. averaged values of kf 
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The effect of methyl replacement by other 
substituent groups is illustrated quantitatively by the 
kinetic parameters of the [Pt(S2C3CF3HPh)2] complex. 
Using the same method of analysis as above, a rate 
constant of 
k = 5.6 mol -1 um sec -1 
f (293K) 
Cyclic a.c. voltammetric studies for [Pd(SacSac)2] 
and [Pt(SacSac)2] show,qualitatively,the expected 
behaviour of the ratio Ip(return):ID(forward), when the 
frequency of the a.c. current is 805 Hz, i.e. a decrease 
in ratio, representing increased quantity of dimer 
formed, with increasing concentration (Figure 4.7 shows 
typical cyclic a.c. V for [Pt(SacSac)2]). The 
dependence of I /I on frequency of the a.c. current 
Pr Pf 
prevented the use of this technique as a mode of 
kinetic analysis for these systems, and further work is 
necessary to correlate cyclic a.c.V. with rate 
constant determination. 
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Figure 4.7 Typical cyclic a.c. voltammogram for 
the one -electron reduction of [Pt(SacSac)2] 
- 0.6 -VO -1.4 
Vo(t S 
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(b) Variation of temperature - Determination 
of activation energies 
We have already made the qualitative observation 
that the rate of dimerisation is effectively slowed by 
cooling the electrolyte solution, so that reversible 
C.V. characteristics are found. The dimerisation is thus 
ideally suited to analysis of activation energies. 
The observed variation of kinetic parameters with 
temperature can be used to calculate the enthalpy and 
entropy of activation, by making use of the Eyring 






from which we obtain 
loge k - loge 
hT . R (T) + R 
Thus a plot of Rloge [kf.k I vs. T (Kelvin) 
should have gradient = -AH and intercept = ASS 
Accordingly, [Pd(SacSac)2] and [Pt(SacSac)2] were 
subjected to such analysis in the range 303 to 223 and 
303 to 253 Kelvin respectively, to yield the activation 
energies listed in Table 4.6, together with the values 
obtained for a typical inorganic, chemically induced, 
bimolecular redox reaction(33). This serves to illustrate 
that the thermodynamic parameters obtained for our 
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4.4 Implications of the kinetic analysis 
The most important aspect of the kinetic data 
mentioned so far is the remarkable consistency obtained, 
whether through variable concentration or scan rate 
determination. This bears out the success of the analysis 
used and is strong evidence for the proposed dimerisation. 
The analysis also confirms quantitatively that 
[Pt(SacSac)2]1 is easily the most prone to rearrangement 
and that substitution of methyl by more bulky groups 
results in the vast improvement of monoanion kinetic 
inertia. Indeed, [Pt(S2C3CF3HPh)2], with a rate 
constant of k = 5.6 mol -1 dret.sec -1 shows a rate of 
dimerisation even slower than that of [Ni(SacSac)2]. 
Attempts to identify the mechanism by variation of 
Er with concentration led to a rather inconclusive result, 
which we strongly suspect has its origins in systematic 
effects of residual uncompensated cell resistance 
(IR drop) over the extreme range of cell currents 
entailed in this kind of experiment. Efforts to compare 
this are still in hand. The result did, however, 
suggest that mechanism [1] i.e. direct monoanion- 
monoanion coupling, was the favoured dimerisation route. 
A number of organic dimerisation reactions have 
been studied using cyclic voltammetry; for instance 
diethyl fumarate (D.E.F.) undergoes a reversible one - 
electron reduction to form a radical anion followed by 
a coupling reaction of rate constant of about 
34 mol -1dm sec- 1(34 
-36) (Scheme 4.5) . 
Scheme 4.5 
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D.E.F. + e <, > D' FF: 
2D. E. F. 
k 
7 (DEF.) 2- 
Likewise, a wide range of aryl- a,ß- unsaturated 
ketones have been subjected to kinetic analysis, to 
reveal a dimerisation reaction following charge transfer 
with rate constants typically of kf = 1.4 x 105 mol-ldnisec -1. 
The dimerisation rate constants obtained for our 
systems are well within this range, even the [Pt(SacSac)2]1 
reaction being approximately two orders of magnitude 
slower than that of the ,3-unsaturated ketones. Thus 
the experimental values obtained in this study appear 
reasonable in comparison with rates of dimerisation 
generally encountered in unrelated compounds. 
More particular and significant comment depends on 
analysing the associated activation parameters, derived 
by kinetic measurements over a temperature range. 
During the recording of thesedata an initially 
puzzling observation was made concerning the behaviour 
of the [Pt(SacSac)2] complex. The R logejkf A;.] 
vs. T(K) plot shows two distinct sections, each with 
linear distribution (Figure 4.8). This would suggest 
that the process with the higher enthalpy of activation 
was dominant at low temperatures! In an attempt to 
explain this apparent anomaly, the diffusion -limited 
current for the first reduction of [Pt(SacSac)2] was 






- 200 - 
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Figure 4.8 The determination of activation parameters 
for the [Pt(SacSac)2]1 dimerisation reaction 
3.5 40 
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303 to 223 Kelvin and then compared with the behaviour 
of a similar concentration of ferrocene over the 
applicable temperature range. Whereas ferrocene shows 
a steady fall -off in current with decreasing temperature, 
the [Pt(SacSac)2] complex initially exhibits parallel 
behaviour then a very sudden decrease at =245 Kelvin 
(Figure 4.9), the same temperature at which the 
anomalous thermodynamic behaviour is found. This would 
seem to indicate that at lower temperatures [Pt(SacSac)2] 
begins to precipitate from solution, so that the nominal 
concentration is higher than the genuine concentration, 
leading to a smaller calculated kf value. Therefore 
analysis must be restricted to the higher temperature 
portion of data. 
In order to determine if the quantitative difference 
in rate constantsobserved between the palladium and 
platinum systems is dictated by the calculated AHD 
terms (Table 4.6) we can consider the effect of changing 
pH at a fixed temperature. 









therefore RT ln 
k 
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i I I I I 
220 260 300 
o= Fe (cpd )2 
x = [Pt(SacSac)2] 
Figure 4.9 Variation of the diffusion -limited 
current with changing temperature 
Temperature 
(Kelvin) 
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therefore at 293 Kelvin "(SAH" = 2.44 In k1 




= 1.63 as in 
Pt 
Pd 
"ôAH5" = 2.44 x 0.49 = 1.20 kJ mol -1 
The change in Al? found experimentally between 
[Pd (SacSac) 
2] 
and [Pt(SacSac)2] of 7.85 kJ mol -1 would 
therefore be expected to produce a far greater difference 
in observed rate constants than is found. However, 
[Pt(SacSac)2] has a more unfavourable AS term by 
-40 J mol -1, which will counteract the smaller pH? 
term, leading to a smaller rate constant than predicted 
purely from pH considerations. 
None - the -less, the data for the two [M(SacSac)2] 
complexes do follow the same general pattern, with Al? 
small and positive (= + 10 kJ mo1-1) and AS large and 
negative ( _ -150 J 1 K- 1 mol -1) . 
The highly negative AS term is strongly indicative 
of a significant degree of ordering required in the 
transition state, which is in line with a bimolecular 
reaction. The small, positive Al? would suggest a large 
degree of bond formation in the transition state. 
(To reach the transition state the reactants require a 
positive input of energy, this can in turn be counteracted 
by the release of energy associated with bond formation, 
so that the overall Al? will be small and positive). 
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Square planar Pt(II) complexes are generally found 
to be relatively inert species, so that one might 
expect [Pt(SacSac)2]1 to be the slowest to react. 
However, in the present case, the small positive Al? 
term, suggesting a high degree of bond formation, may 
lead to stabilization of the transition state by just 
those qualities which normally stabilize ground state 
platinum complexes against reaction. 
The structure of the dimeric product must play an 
important role in rate determination. Two possible 
structures, by analogy with the dimeric dithiolene 
complexes (24 -27)) are via the formation of a direct metal - 
metal bond (i)(25) or a bond between the metal of one 
unit and the sulphur atom of another unit (ii). In the 
dithiolene systems, the latter is the more common. 
We believe that the one -electron reduction of 
[M(SacSac)2] entails a largely ligand -based process 
(see Chapter 3). This would seem to suggest structure 
(ii) as being the more likely of the two. The driving 
force of the reaction could be the formation of metal - 
sulphur bonds. A hard metal centre plus soft donor 
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atom will not result in as .stable a complex as a soft 
metal plus soft ligand, i.e. Ni -S not as favourable as 
Pt -S bond formation. This may be the reason for the 
relative ordering of the dimerisation reaction, 
viz. Ni « Pd < Pt. 
At this stage, however, no confirmatory information 
is available as to the actual structure of the dimer. 
Until such evidence is obtained, no possible formulation 
of the dimer should be discounted. For example, the 
possibility of metal- carbon, as in [(CH3)3Pt(O2C5H7)]2(38,39), 
or carbon -sulphur bonds, as in (SacSacH)2, or even carbon - 
carbon bonds, should not be overlooked. 
4.5 Experimental 
(i) Materials 
Complexes were prepared as described in Chapter 2. 
The preparation of methylene chloride solvent and 
Bu4NBF4 inert electrolyte are as detailed in Section 3.5. 
Methyl naphthalene was purified by elution from an 
alumina column immediately prior to use(40). 
(ii) Instrumentation 
Voltammetric studies in 0.25 M Bu4NBF4 /CH2C12 
employed the same equipment and basic 3- electrode cell 
configuration as described in Section 3.5, plus a 
Telequipment D66A oscilloscope as display mode for scan 
rates > 500 mV /sec. 
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Cyclic voltammetry in 0.1 M Bu4NBF4 /methyl 
naphthalene employed a P.A.R. 170 system (potentiostat 
and programmer). In this case platinum was used as both 
working and counter electrodes, together with a platinum 
quasi- reference electrode. The temperature was 
maintained at 423 Kelvin using a jacketted cell and 
Haake F3S circulating bath. 
Kinetic analysis again made use of a P.A.R. 170 
electrochemistry system and 3- electrode cell. Cyclic 
voltammograms employed a Pt micro -disk working electrode, 
while d.c. voltammograms were recorded using a Tacussel 
E.D.I. rotating Pt electrode. Routine scan rates were 
in the range 50 to 500 mV /sec in C.V. and 10 mV /sec in 
the d.c.V. modes. Cell solutions, ranging from approx. 
5 x 10 -5 to 5 x 10 -3 molar in complex, were degassed with 
CH2C12- saturated argon. It was of extreme importance that 
cell solutions, and the argon bubbler, were thermostatically 
controlled. This was done using a 10 ml jacketted cell, 
employing a Haake F3Q circulating bath, the internal 
temperature of the cell being monitored by a Comark 5000 
digital thermometer. 
O.T.T.L.E. experiments,i0.5 M Bu4NBF4 /CH2C12, 
employed a Metrohm Polarecord E505 and a Pye Unicam 
SP8 -400 spectrophotometer, using the techniques developed 
in this laboratory by D.K. Vattis and L.J. Yellowlees(31). 
A non- aqueous Ag /AgCl /C1 /CH7C12 reference electrode 
(against which ferrocene was oxidised at 0.58 Volts) 
and a Pt counter electrode, separated from the working 
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compartment by a fritted salt- bridge, were employed. 
A platinum mini -grid working electrode was used. Cell 
solutions were thoroughly degassed with CH2C12- saturated 
argon prior to experimentation. During the complete 
experiment a positive pressure of nitrogen was maintained 
in the spectrometer compartment. Cooling was obtained 
by passing nitrogen gas through a heat exchanger 
immersed in liquid nitrogen, which was then directed onto 
both faces of the O.T.T.L.E. cell. The temperature close 
to the electrode was measured using a Ni -Cd thermocouple, 
connected to a Comark 5000 digital thermometer. 
(iii) Kinetic Analysis 
The method applied to extract kinetic information 
has been explained previously (Section 4.3). Before such 
analysis can proceed three important parameters must be 
accurately determined: 
(a) The geo metry of the working electrode. This is 
achieved by using a micro -platinum disk, where the surface 
of the electrode is flat, i.e. ¢' equals zero. Figure 4.10 
illustrates the appropriate working curve for determination 
of w from ia/ic ratios. 
(b) Determination of E for irreversible system 1/2
This can be established (within 3/n mV) as the 
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(c) Accurate calculation of is /ic This can be done 




ia = + ° + 0.086 
ic (ic) 
o (ic) 
where the terms (ia) (ic) and (is) are the parameters 
defined in Figure 4.11. 
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Figure 4.11 Cyclic voltammogram defining the parameters 
(ic)o, (is)o and (ia)o used to determine 
the ratio ia/ic 
1 
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Cobalt is an essential component in the biological 
activity of the co- enzymes related to vitamin B12 
(organo- cobalamins), the basic structure of which is 
illustrated below (i). Vitamin B12 generally means 
cyano -cobalamin, which has a Co(III) -CN group. The 
best known co- enzyme also contains Co(III) and a 
5- deoxyadenosyl group that replaces the CN. 
l) 
While it is known that the B12 co- enzymes act in 
conjunction with a number of enzymes, very little is known 
about their role in detail. However, the study of the 
non -enzymic behaviour of B12 co- enzymes has enabled the 
assembly of basic B12 chemistry, some of which undoubtedly 
(1 -3) 
plays an important role in its activities as a co- enzyme 
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The cobalamins can be reduced in an alkaline or 
neutral solution to give Co(II) and Co(I) species, commonly 
referred to as B12r and B12s respectively. The latter is 
a powerful reducing agents, decomposing water to give hydrogen 
and B12r. When cyano- or hydroxo -cobalamin is reduced, 
the ligand, CN or OH , is lost and the Co(I) complex is 
five -coordinate. In non -enzymic systems rapid reaction 
of B12s occurs with alkyl halides, acetylenes, etc. 










Likewise, 5- deoxyadenosyl cobalamin is known to 
function as a hydrogen- transfer agent, where the cleavage of 
the Co(III) -5- deoxyadenosyl bond is a necessary step in the 
reaction scheme(6). Methyl cobalamin undergoes several 
known methyl-transfer reactions to various biological and 
inorganic substrates( 
7-10). 
The formation and cleavage of cobalt- carbon bonds in 
these complexes is thus of intrinsic importance to their 
catalytic activity. 
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The biological importance of cobalt- carbon bonds has 
prompted study of a series of model complexes, in search 
of a chemical precedent for the B12 co- enzyme activity, to 
further elucidate the factors influencing the mechanisms 
of cobalamin reactions. 
Model systems so far advanced generally consist of a 
rigid, planar ligand system, consisting of highly 
conjugated nitrogen and oxygen donor atoms, with the axial 
sites occupied by a Lewis base and by an anion, that 
may be a carbanion. Most of these complexes belong to the 














/ Ó 0 
'H' 
Cobalt(II) dimethylglyoximato 
Studies of the reaction of alkyl halides with a 
number of penta- coordinate cobalt(I) , (II) and (III) complexes 
to give hexa- coordinate Co(III) -alkyl species has revealed 
various pathways of formation. Three routes have been 
distinguished: 
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Co(III) + R } Co(III)-R 
Co(II) + R } Co(III)-R 
Co(I) + R+ Co(III)-R 
Carbanion transfer to Co(III) (17) 
Alkyl radical transfer to 
Co(II)(18 -21) 
Nucleophilic attack of 
Co(I) on R+ (4,5) 
All three categories have been recognised experimentally. 
For the model complexes, as for B12 itself, Co(III) is the 
oxidation state that stabilizes cobalt -alkyl bond formation. 
Examination of the latter two reaction pathways shows 
that the mechanism of cobalt -carbon bond formation is 
dependent on the oxidation state of the cobalt ion, and thus 
on the electron density on the metal, which is inevitably 
influenced by electronic effects of the supporting ligands. 
As the formation of cobalt -carbon bonds involves a change in 
oxidation state at the metal centre, the reactivity of the 
axial position should be sensitive to the redox potentials 
of the Co (III) /Co (II) and Co (I I) /Co (I) couples. The E 
i 
potentials for Schiff's base equatorial chelate cobalt 
complexes containing axial Lewis bases and organo- groups 
indeed shows a correlation between redox potentials of the 
cobalt couples and the nature of the ligand 
The formation of cobalt- carbon bonds can be explored 
electrochemically. The reduction of [Co(II) Salen]° 
to [Co(I) Salen]1 by controlled. potential electrolysis, 
followed by excess addition of ethyl bromide results in 
the formation of a new electro- active species, postulated 
to be [EtCo(III)Salen]° 
(23,24) 
The loss of [Co(I) Salen]1 
and the generation of [EtCo(III)Salen]0 can be easily 
monitored by changes in the cyclic voltammetry. 
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The applicability of the various model systems to 
the B12 co- enzymes is still a matter of discussion, but it is 
now thought that Costa's B12 model (iv)(25,26) is a closer 
electrochemical mimic than the more widely used 
cobaloxime model (iii)(27). 
FIN 
The synthesis of cobalt(II)bis(dithioacetyl- 
acetonate), [Co(SacSac)2](28) and its subsequent 
characterisation by X -ray diffraction, showed a square 
planar cobalt(II) centre(29'30). Although, in general, 
bis(dithioacetylacetonate) metal(II) complexes do not 
show axial coordination, [Co(SacSac)2] is known, 
(a) to readily oxidise to [Co(III)(SacSac)3] in the 
presence of an additional source of [SacSac] , 
(b) to form six -coordinate cationic cobalt(III) 
species, incorporating a bidentate nitrogenous base 
(for example, 1,10 -phenanthroline and 2,2'- bipyridine 
gives complexes of the type [Co(III)S4N2] 
+(31)) 
and 
(c) to give five -coordinate square pyramidal cobalt 
nitrosyls, such as [Co(III)(NO)(S2C5H7)2](32). Thus 
when [Co(SacSac)2] is oxidised to Co(III), the 
coordination number tends to increase. 
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Electrochemical studies showed two reductions, the 
first reversible, assigned to a Co(II) /Co(I) couple, the 




[Co (II)(SacSac)2] < > [Co (I)(SacSac)2]1 < [Co (I)(Sacsac)(Sacsac)2-]2 
fC1St stow 
This presented the possibility of these highly 
nucleophilic, electrogenerated species reacting with 
alkylating agents and thus perhaps the use of [Co(SacSac)2] 
as a model for B12 activity. This would be despite the 
sterically unconstrained bis- dithioacetylacetonate 
arrangement being in stark contrast to the rigid tetra - 
dentate nitrogen and oxygen ligands discussed previously. 
The use of electrochemistry as an investigation mode 
has three distinct advantages, (a) providing convenient 
access to the three oxidation states of the molecule 
i.e. [Co(SacSac) 
2 
] 0, [Co(SacSac) 
2 
] 1 and [Co (SacSac) 2] 
2 
(b) providing immediate graphic evidence of the reaction 
of the electro- active species with alkyl halide, RX, 
plus information on reaction rates, and (c) allowing study 
of transient species, which although stable on an electrochemical 
time -scale, could not be isolated. 
Although [Co(SacSac)2]° is stable in the presence of 
alkyl halide, the one -electron reduced species, 
[Co(I)(SacSac)2]1 , shows rapid reaction with equimolar 
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methyl iodide, to yield a redox- active species which is 
irreversibly reduced =0.4 Volts cathodic of the Co(II) /Co(I) 
couple(34). This new redox- active species has been formulated 
as [MeCo(III)(SacSac)2], by analogy with Costa's work 
on the oxidative addition of RX to [Co(I)Salen]1 to 
form [RCo(III)Salen], which is likewise reduced at more 
negative potentials than the parent [Co(II)Salen] 
complex(23,24). 
The irreversible nature of the reduction of the 
Co(I) /RX reaction product is also consistent with Co(III)- 
alkyl bond formation, the instability of Co(II) -alkyl 
bonds being well documented(35,36). 
The reaction is best illustrated by cyclic voltammetry, 
where the Co(II) /Co(I) return -wave is completely eliminated 
in the presence of RX, irrespective of the switching potential 
beyond the Co(II) /Co(I) couple (Figure 5.1). The 
extension of the study to include a variety of organic 
halides provided details regarding the possible mechanism 
of reaction(34). 
The observation that alkyl iodide was favoured above 
alkyl bromide suggested a substantial amount of bond 
breaking in the rate determining step. Similarly, the process 
occurred readily for small, primary alkyl iodides, but not for 
branched alkyl iodides, suggesting an SN 
2 
type mechanism, with 
short, linear alkyl groups presenting less steric 
hindrance in the five -coordinate transition state of a 
bimolecular process. 
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Figure 5.1 The use of C.V. to monitor the reaction of 
[Co (SacSac) ] 1 with MeI 




[Co(Sac Sac) ] 
plus MAI 
- 0.5 -1,5 (Volts) 
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This reaction can be seen to be directly analogous 
to that of vitamin B12' where B12s (and "cobaloxime(I) ") 
react with primary alkyl halides via a classical SN 
2 
mechanism to give cobalt -alkyl complexes in quantitative 
yield(4,5). No organo- cobalt complexes were isolated 
from reaction of B12s (or "cobaloxime(I) ") with 
secondary or tertiary alkyl halides. 
Given the changes in cyclic voltammetric characteristics 
accompanying the reaction of [Co(SacSac)2]1 with RI, 
kinetic analysis was possible for RI = EtI, nPrI and 
nBul. This showed an overall second -order process, 
i.e. first order with respect to both [Co(SacSac)2]1 
and RI, but no particular trend in rate constant was 
apparent (34) 
Attempts to date to isolate the [Co(SacSac)2]1 /RI 
reaction product have met with failure. This has 
prompted the study of substituted cobalt dithioacetyl- 
acetonate complexes, in the hope that, by replacing methyl 
substituents by electron -withdrawing groups, we might 
sufficiently stabilize the Co(I) species to allow bulk 
electrochemical generation of the radical anion, prior to 
reaction with equimolar RI, to yield a more robust cobalt - 
alkyl complex which would allow full characterisation of 
the cobalt -carbon bond. 
- 143 - 
Results and Discussion 
5.2 The substituted Co(II)bis(dithio -ß- diketonates) 
The cobalt (II)bis(dithio -ß- diketonate) complexes (v) 
were prepared by a method similar to that originally 
employed by Martin and Stewart in the synthesis of 
[Co(SacSac)2] itself (where R,R' = CH3)(28). 
(v) 
2 
R,R' = CH3, Ph; 
Ph, CF3 or 
CF3, CH3 
The substituted complexes, however, are much more 
soluble than [Co(SacSac)2] in the ethanolic -HC1 reaction 
media, with the consequence that for successful synthesis, 
the concentration of Co2+ must be in the region of 0.01 moles 
per 5 ml of ethanol. 
The complexes were identified by C:H analysis and 
infrared spectroscopy. As with [Co(SacSac)2] and 
[Ni(SacSac)2], the spectra of the substituted cobalt complexes 
are all very similar to their established d8- analogues, 
thus the infrared spectrum is an extremely useful fingerprint 
for a successful synthesis. No attempt was made to make 
detailed assignments. 
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A detailed study of the electrode response of all 
the complexes was undertaken. As discussed previously, 
[Co(SacSac)2] has two reductions(33,34) (Scheme 5.2) 
at -0.71 and -1.70 Volts (vs. Ag /AgC1). The large 
difference ( =0.2 Volts) between the first one -electron 
reduction of [Co(SacSac)2] and [Ni(SacSac)2] 
(E° = -0.94 V), suggests that in [Co(SacSac)2]1 the 
additional electron enters a molecular orbital of very 
different character. On this basis, the successive 
reductions of [Co(SacSac)2] were assigned to a metal -based 
Co(II) /Co(I) couple and ligand reduction respectively. 
From our observations concerning the sensitivity of 
E° potentials to the inductive effect of the substituent 
groups for the two ligand -based reductions of the nickel, 
palladium and platinum complexes, (Chapter 3), we can 
make a number of predictions regarding the behaviour of 
[Co (S2C3RHR') 2] . 
The first metal -based reduction might be expected to 
be fairly insensitive to changes in R, whereas the second 
(ligand- based) reduction should exhibit a similar degree 
of sensitivity to substituent as found in the [Ni(S2C3RHR')2] 
series. Furthermore, we may be able to see the second 
ligand reduction at extreme potentials, approximately 
0.45 Volts cathodic of the first ligand -based process. 
Experimentally, however, never more than two 
(generally reversible) reductions are observed. Indeed, and 
more surprisingly, comparison of the data collected for the 
cobalt complexes with the analogous nickel series 
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(Table 5.1) shows that both the first and second reduction 
potentials for the substituted cobalt complexes correspond 
closely to those found for the ligand -based reductions of 
[Ni(S2C3RHR')2] (with an expected difference of 0.45 Volts 
between first and second reduction for ligand -based 
processes). 
This can be-further illustrated by considering a 
plot of E °ed vs. EQe (where Qe represents the substituent 
inductive parameter derived electrochemically - see 
Section 3.3). By considering the rather limited data 
available for the analogous cobalt and nickel complexes 
only, we obtain (by least squares analysis) the 
substituent sensitivities listed in Table 5.2. This 
similarity in Eed potential sensitivity (both first and 
second reductions) can also be represented graphically 
(Figure 5.2), where it appears that the behaviour of 
[Co (SacSac) 2] differs importantly from that of its 
structural analogues. 
From these observations it would appear that the 
substitution of methyl by phenyl,and /or CF3 groups, results 
in a sufficient reorganisation of the molecular orbitals 
for ligand -based reductions to be favoured over metal - 
based ones. Indeed, a critical, relevant observation is that 
the substituted complexes show no reaction with methyl iodide. 
This is more readily understood if the reduction in these 
cases is ligand dominated so that a highly nucleophilic 
Co(I) metal centre is not generated. This is substantiated 
by the lack of reaction of any of the one -electron 
reduced d8- complexes,[M(S2C3RHR')2]1 with MeI, and by the 
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Table 5.1 Comparison of reduction potentials for the 
series [M(S2C3RHR')2) where M = nickel and 
cobalt 
(Eored(1) 
and Ered(2) /Volts vs. Ag /AgC1 
R,R' = Cobalt Nickel 
CH3 /CH3 -0.71 -0.94 
-1.70 -1.42 
CH3/Ph -0.76 -0.75 
-1.20 -1.16 
CH3/CF3 -0.41 -0.43 
-0.94 -0.93 
CF3/Ph -0.23 -0.25 
-0.68 -0.73 
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Table 5.2 Linear E° /inductive parameter correlations in 
[M(S2C3RHR')2] (where M = nickel and cobalt) 
E° = k(QeR + 6eR,) 
(least squares fitted gradients, 1000 k /V, with correlation 
coefficients in parenthesis) 
Cobalt Nickel 
Eed(1): k = 188 (1.00) 177 (1.00) 
Ered(2): 
k = 178 (0.98) 148 (0.99) 
E° A 
(Volts) 
- F4 - 
-1.0 - 
mall 
-0 -6 - 
- 0.2 - 
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Figure 5.2 Electrode potential/ 
41 substituent effect for the 
[Co(S2C3RHR')2] complexes 
o- 2 4 
Z 
1 = CH3/CH3 ; 2= CH3/Ph ; 3= CH3/CF3 ; 
4 =CF3/Ph 
vt.ot .,I.N,attaQC1 ivL LS. ariqkiss 
o,e 
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study of a range of square -planar Ni(II) Schiffs -base 
complexes, where reaction with MeI was only observed when a 
metal -based reduction was found, to give a reactive 
Ni(I) centre(37) 
The rather unexpected behaviour of the substituted 
cobalt complexes obviously meant that we could not use an 
electron- withdrawing group to stabilize the Co(III) -alkyl 
species. A fairly limited range of complexes have been 
examined so far, and before drawing any definite conclusions 
as to why the electrochemical characteristics of the 
substituted complexes are so far removed from [Co(SacSac)2], 
the variety of complexes studied should be extended. 
Furthermore, a detailed examination of the U.V. /visible 
and E.S.R. spectra might be helpful in detecting if 
orbital rearrangement upon substitution is in line with 
the electrochemical changes observed. It appears on 
qualitative examination that the U.V. /visible spectra of the 
substituted cobalt(II) complexes are more similar in general 
character to the d8 -range of complexes than is 
[Co (SacSac) ] itself. 
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5.3 Complexities in the voltammetry of [Co(SacSac)2] - 
Electrode adsorption phenomena (concentration 
dependence at the d.m.e.) 
As discussed in the previous section (5.2), 
[Co(SacSac)2] shows two successive reductions, attributed to 
the complex, at -0.71 and -1.70 Volts (vs Ag /AgC1), 
representing a fully reversible and a quasi -reversible 
one -electron reduction respectively. These potentials 
are obtained irrespective of whether a d.m.e. or a platinum 
wire working electrode are employed. However, a distinct 
adsorption wave at -0.90 Volts was observed on the d.m.e. 
which was completely absent on platinum(34). (This is most 
clearly illustrated in the a.c. mode, Figure 5.3). This 
behaviour is found in both acetone and methylene chloride, 
hence, not a solvent effect. We have found, however, that 
the characteristic electrode response is dependent on 
[Co(SacSac)2] concentration. 
At high dilution, i.e. 10 -5 molar in complex, only 
the adsorption wave is observed, while the first complex 
reduction wave at -0.71 Volts is completely absent on the 
d.m.e. (but is clearly evident on platinum). The 
adsorption wave increases in an approximately linear manner 
with concentration from 1 x 10 -5 to 8 x 10 -5 M, but 
then increases more slowly, until reaching a maximum at 
8 x 10 -4 M, (Figure 5.4). The first reduction attributed 
to complex at -0.71 Volts first becomes evident at 
2 x 10 -4 M in CH2C12 and 1.5 x 10 -4 M in acetone (with 
concurrent development of the second reduction at 
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concentration for the adsorption wave of 
[Co(SacSac)21 at d.m.e. 
i I I 
10 [conc] 4 x 10 M 2 G 
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Thus, at "normal" electrochemical concentrations 
( 1 x 10 -3 M) the adsorption process appears to be a 
relatively minor operation, whereas at very dilute 
concentrations, this process is dominant and the true wave 
may be absent - an unusual and striking phenomenon. 
Using a platinum wire working electrode, the two 
reduction waves attributable to complex reduction are clearly 
in evidence throughout the complete concentration range, with 
no indication of the adsorption process found for the 
d.m.e. The first reduction gives a linear dependence of 
Ip (a.c. measurement) with concentration. Thus, the 
characteristic electrochemical behaviour of [Co(SacSac)2] 
at a platinum electrode is independent of the concentration 
of the electroactive species. 
As we expected, the adsorption phenomenon observed 
on mercury is temperature dependent. On lowering the cell 
temperature from 293 to 268 Kelvin, the first reduction of 
[Co(SacSac)2] at -0.71 Volts only becomes evident on the 
d.m.e. at 4 x 10 -4 M (c.f. 2 x 10 -4 M at 293 Kelvin), 
although even on cooling at 233 Kelvin, no adsorption 
process is observed on the platinum electrode. 
High- temperature measurements employed methyl 
naphthalene at 423 Kelvin as an electrochemical solvent. 
At a concentration of 2.4 x 10 -4 molar in [Co(SacSac)2], 
at which an adsoprtion wave would clearly be in evidence at 
room temperature, only single reduction on the d.m.e. was 
observed, at -0.70 Volts, wick no indications of any 
adsorption phenomena. 
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Examination of [Ni(SacSac)2] over a similar 
concentration range, on both d.m.e. and Pt working electrodes, 
shows no such anomalous behaviour. Equally, careful study 
of [Co(S2C3CF3HCH3)2] at 2 x 10 -5 and 2 x 10 -4 molar in 
complex also shows no indications of any adsorption 
processes on the d.m.e. 
It would seem apparent, therefore, that [Co(SacSac)2] 
specifically adsorbs onto the surface of the mercury electrode, 
to produce a complex which is reduced at more negative 
potentials than [Co(SacSac)2] itself. The extent of 
this reaction is limited by the mercury surface. Above 
certain concentrations (> 2 x 10 -4 M) both reduction 
pathways are in evidence, but further increase in 
concentration produces growth only in the peak 
corresponding to reduction of [Co(SacSac)2] itself. By 
changing the temperature, i.e. changing the surface 
character of the mercury electrode, we alter the solution 
concentration necessary to achieve significant adsorption. 
As [Co(SacSac)2] is the only planar dithio -ß- 
diketonate which exhibits this adsorption process on mercury, 
it would be extremely interesting to establish (when a 
larger range of substituted cobalt complexes becomes 
available) if this behaviour is connected with the metal - 
based character of the first reduction of [Co(SacSac)2]. 
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5.4 Reaction with dioxygen 
If the a.c. background profile of non -degassed 
Bu4NBF4 /CH2Cl2 is recorded, then a well- defined oxygen 
wave (02/02 ) is observed at -0.73 Volts (vs. Ag /AgC1) 
using a d.m.e. working electrode. This wave is also 
present when using a platinum working electrode, but is 
very much broader and consequently less well defined. 
By strenuous degassing with CH2C12- saturated argon, all 
traces of dissolved 02 can be removed from the electro- 
chemical medium. 
Addition of [Co(SacSac)2] to the fully degassed medium 
shows the same electrochemical behaviour on both d.m.e. 
and platinum electrodes as recorded previously (see 
Section 5.3) i.e. the reduction of [Co(SacSac)2] at 
-0.71 Volts, with the adsorption. wave (on d.m.e.) at 
-0.90 Volts, and the second, kinetically sluggish, ligand - 
based reduction of [Co(SacSac)2] at -1.70 Volts. 
On deliberately admitting 02 to the system, we 
observe a dramatic reduction in current response for the 
Co(II) /Co(I) couple, together with a shift to less negative 
potentials, -0.66 Volts. On mercury, the adsorption wave 
is still in evidence (although substantially reduced). 
The change in current response, and the shift in potential 
is observed irrespective of electrode material, but the platinum 
electrode shows the situation more clearly as there are no 
adsorption complications, or free 02 peaks at similar 
potentials to the complex reduction. The behaviour of the 
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second complex reduction is less easily characterised, 
due to the sluggish nature of the charge transfer, but a 
decrease in current response is initially observed. 
The reaction with 02 is completely reversible, 
i.e. the characteristic electrode response of [Co(SacSac)2] 
can be regained to its original current intensity by 
degassing the solution, thus reaction of [Co(SacSac)2] 
with 02 does not result in the irreversible degradation 
of the complex. This cycle can be reproduced repeatedly 
without loss of the original [Co(SacSac)2] species. 
A number of transition metal chelates have been 
considered as models of biological oxygen carriers(38). 
The cobalt(II) chelates are particularly suitable as 
reversible oxygen carriers (the analogous iron(II) chelates 
generally undergo irreversible oxidation), for example(39,40) 
[Co(II)L(py)l0 + 02 [Co(II)L(py) (02)]0 
where py = pyridine 
L = quadridentate ligand obtained from salicyl- 
aldehyde and 1,2- disubstituted ethylenediamine. 
Note, no change in oxidation state of the metal centre. 
Thus, just as [Co(SacSac)2]1 shows a reaction with 
RX directly analogous to the five -coordinate "Co(I) cobal- 
oximes" (see Section 5.1), we also observe oxygenation 
reactions similar to the axially co- ordinated [CoL(py)] 
complexes. 
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The reaction of [Co(S2C3CF3HCH3)2] with dioxygen has 
also been studied. This significantly simplifies the 
electrochemistry as the complex reductions are well removed 
from the 02/02 couple ( -0.41 and -0.94 Volts) and no 
adsorption phenomena are present. On the introduction of 
02 into the system (using a d.m.e. working electrode) we 
again observe a large decrease in current for the first 
reduction, together with an anodic shift to -0.33 Volts, 
with the concurrent disappearance of the second reduction 
and the development of a free dioxygen reduction. Again 
the process can be reversed by degassing. Corresponding 
changes are found when using a platinum working electrode. 
This oxygenation reaction has great promise in the 
possible development of cobalt(II)dithio -ß- diketonates as 
unusual dioxygen carriers. Further work, however, is 
obviously required, for example, the introduction of 
measured quantities of 02 into the system, the 
isolation of the oxygenation product, measurement of 
equilibrium constants, effect of substituent groups 
(particularly those with a large degree of steric 
hindrance, e.g. tbutyl) on the efficiency of oxygenation, 
in addition to the possibility of reaction with other 
small molecules, e.g. CO. 
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5.5 Experimental 
(i) Materials 
Preparations of complexes are as detailed below. 
Dry ethanol, HC1,and H2S were prepared as described in 
Chapter 2. Cobaltous chloride (commercial grade) was 
dried in vacuo at 353 Kelvin. The appropriate 
ß- diketonate ligand was obtained commercially and used 
without further purification. 
Electrochemical solvents and Bu4NBF4 electrolyte 
were as described in Sections 3.5 and 4.5 (methyl 
naphthalene work). 
Cobalt (II)bis(dithioacetylacetonate) [Co(SacSac)2] 
This was prepared using the method originally developed 
by Martin and Stewart(28). Using nitrogen as a carrier 
gas, dry HC1 followed by H2S (30 minutes and 120 minutes) 
were bubbled through an ethanol solution of cobaltous 
chloride (5 g in 100 ml) to which acetylacetone (12 ml) has 
been added. The dark violet crystals were recovered by 
filtration, washed with ethanol and diethyl ether, then 
recrystallised from a 1:1 ratio of ethanol and methylene 
chloride. Yield 5.4 g (80 %). Analysis: Found %C 37.4, 
%H 4.5, Calculated for CoC10H14S4, %C 37.4, %H 4.4. 
Electronic spectrum (50,000 to 11,500 cm 
-1 
in CH2C12) 
17,860 cm -1 (log E = 3.16), 21,830 cm -1 (3.11), 27,620 cm -1 
(3.64), 29,590 cm -1 (3.74), 36,760 cm -1 (4.04), 40,000 cm -1 
(3.86), 44,248 cm -1 (3.99). 
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Cobalt(II) bis( dithiotrifluoroacetylacetonate) [Co(S2C3CF3HCH3)2] 
Anhydrous cobaltous chloride (1.3 g) was suspended 
in ethanol (s ml) containing excess 1,1,1- trifluoroacetyl - 
acetone (4.5 ml) cooled to 203 Kelvin and thoroughly 
degassed using nitrogen. Maintaining a slight positive 
pressure of N2 throughout, HC1 then H2S were bubbled very 
rapidly through the solution, (15- and 30 minutes 
respectively). The reaction mixture was allowed to warm 
slowly to room temperature and then to stand for 24 hours 
under nitrogen. The dark blue crystalline material was 
isolated by filtration, then recrystallised from 1:1 
ethanol and CH2C12, under nitrogen. Yield, recrystallised 
material, 0.5 g (11.5 %). Analysis: Found %C 26.7, %H 2.1 
Calculated for CoC10H8F6S4 %C 27.9, %H 1.9 
Electronic spectrum (50,000 to 11,500 cm-1 in CH2C12): 
16,835 cm-1 (log E= 3.37), 4500 cm-1(sh), 29,590 cm-1 (4.36) 
36,765 cm-1 (4.71). 
Cobalt(II)bis(dithio-1-benzoylacetonate) [Co(S2C3PhHCH3)2] 
This was prepared and recrystallised by the same 
procedure as above, using 1- benzoylacetone (4 g) as ligand. 
Yield 0.3 g (6.8 %), Analysis: Found %C 54.9, %H 4.1. 
Calculated for CoC20H18S4 %C 54.7, %H 4.1. Electronic 
spectrum (50,000 to 11,000 cm 
-1 
in CH2C12):17,065 cm -1 
(log E = 3.28) , 22,730 cm -1 (3.64) , 28,735 cm -1 (4.41) , 
33,670 cm (4.40), 39,215 cm -1 (4.38). 
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Cobalt(II)bis(dithiobenzoyl-1,1,1-trifluoroacetonate 
[Co (S2C3CF3HPh) 2] 
This was also prepared by the procedure detailed above, 
using benzoyl- 1,1,1 -trifluoroacetone (4Sg) as ligand. 
Yield 0.55 g (10 %). Analysis: Found %C 43.2, %H 2.1 
Calculated for CoC20H12F6S4, %C 43.4, %H 2.2. Electronic 
spectrum (50,000 to 11,500 cm 
-1 
in CH2C12) :15,480 cm -1 
(log e = 3.16) 21,835 cm -1 (3.80), 27,780 cm 
-1 
(4.49), 
32,790 cm -1 (4.27) , 37,880 cm -1 (4.37) . 
(ii) Instrumentation 
Elemental analyses, infrared spectra (KBr disks) and 
U.V. /visible spectra were obtained as described in 
Chapter 2. 
Electrochemical studies employed the equipment and 
basic 3- electrode cell configuration described in 
Section 3.5. 
(iii) Voltammetric Analysis 
The substituted cobalt complexes in general show two, 
essentially reversible, one -electron reductions. To 
prevent repetition of data, a representative analysis for 
[Co(S2C3CF3HCH3)2] is described below. 
In 0.25 M Bu4NBF4 /CH2C12, at both d.m.e. and 
r.p.e. two cathodic waves of equal height are observed, 
both exhibiting d.c. Nernstian behaviour appropriate to 
stepwise one -electron reductions. A.c. peaks are 
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symmetrical, with half- height width of 90 ± 5 mV and 
a linear Ip vs wi (passing through the origin) in the 
frequency range w = 20 to 1,000 Hz, with phase angle 
0 = 450. Cyclic voltammograms in the scan -rate range 
v = 50 to 500 mV/sec have E = 60 ± 5 mV, I(reverse)/ 
Ip(forward) ratios of unity and linear Ip vs v 
dependence through the origin. 
Concentration studies of [Co(SacSac)2] were conducted 
over a 1 x 10 -5 to 1 x 10 -3 molar concentration range in 
both methylene chloride and acetone. Voltammetric analysis of 
the reduction processes assigned to the complex showed 
the characteristic electrode response as described 
previously(34), indicative of a reversible first reduction 
followed by a kinetically sluggish second reduction. The 
intervening, anomalous reduction found when using a 
mercury working electrode shows behaviour typical of 
an adsorption process. A plot of Ip vs wi from a.c. 
measurements gives a random set of points with no obvious 
correlation. D.c. polarography yields a curved plot 
of id vs 
h2/3, 
indicative that the anomalous process 
lacks diffusion control. 
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